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Global environmental changes, e.g. fragmentation of habitats and climate warming, are disrupting ecosystems 
worldwide. These man-induced environmental changes have caused a strong decline in biodiversity, which is hampering 
the provisioning of ecosystem services. For instance, flying insects and pollinators have declined, especially in 
industrialized countries, with potentially devastating consequences. However, the impacts of these changes are not 
easy to predict, since we are missing essential information on how the structure of plant-pollinator networks is actually 
related to their functioning. In this thesis, I examine such relations in the context of pollination services in the Arctic. 
Arctic pollination networks are less diverse than the ones of lower latitudes and, thus, they provide a good opportunity 
to reveal the basics of the structure and functioning of plant–pollinator interactions. To dissect Arctic pollination 
networks, I was interested in which plants and pollinators are the most abundant and which are most important in 
contributing to the functioning of the network. Furthermore, I examined how the species composition of the pollination 
networks relate to their functioning. In order to achieve a broader perspective, I studied pan-Arctic variation in the 
pollination networks and their functioning. To further account for the warming climate and its effects on species 
phenology, I also monitored seasonal patterns in the pollination networks and in their functioning. The resultant thesis 
work consists of three independent chapters on arctic pollination networks and their functioning. 
In Chapter I, I found the muscid flies to be key contributors to arctic pollination. At the species level, a single muscid fly 
species, Spilogona sanctipauli, proved to increase the seed set of Dryas. Meanwhile, Dryas itself emerged as a key 
species in the high arctic flower visiting network, with two thirds (185 species) of all the local insect fauna visiting its 
flowers. A single plant species is thus tying together the whole ecosystem. 
In Chapter II, I discovered remarkable species diversity and spatial species turnover (β-diversity) among arctic pollinator 
communities. Across 15 locations sampled, I found a total of 1,360 flower-visiting species. Despite relatively high species 
richness of local communities, each community was dominated by only a few species, the identity of which differed 
among sites. In general, local species richness increased with increasing annual temperature and precipitation of the 
site. In addition, community structure wore signs of being shaped by post glacial dispersion patterns, where Eurasian 
and Alaskan communities were isolated from northeast American communities. Phylogenetic diversity was also highest 
close to known glacial refugia. Thus overall, this chapter showed the remaining legacy of large-scale historical and 
climatic factors in current community structure. 
In Chapter III, I found evidence of the effects of a short pulse of flowering on competition within pollination networks. 
During the flowering peak of Dryas, other flowering species received hardly any visits, achieved only reduced seed set 
and gained less access to pollen transport by pollinators. The latter pattern, as detected in pollinator pollen loads, 
suggests that the species-specific amount of pollen transported by flower-visitors is actually controlled by the flowering 
of the dominant plant species rather than by the abundance of other plant species themselves. 
Overall, my thesis reveals that the relatively diverse arctic pollination networks are highly dominated by a few species 
only, and that this pattern applies to both plants and insects. Given the strong effects of this dominance on both 
ecosystem functioning and competition for pollination, recently-observed declines in the abundance of key pollinators 
and an increasing mismatch between plants and pollinators at Zackenberg may further accentuate current patterns of 
competition. Notably, similar patterns are likely found in other systems also dominated by few species only, e.g. in 
agricultural landscapes as dominated by monocultures of crop plants and honey bees. As climate warming continues, 
along with other environmental changes and a decline of pollinators, insect-pollinated plant species may be facing 




1.1. Pollination is a key process  
Pollination is an essential part of the ecosystems of Earth. 
Most terrestrial biodiversity is directly or indirectly tied to 
pollination networks, where insects interact with 
flowering plants. It has been estimated that 87% of all the 
plants (even up to 99% in tropics) are insect pollinated, 
and that most of all insects are visiting flowers and could 
be considered potential pollinators (Olesen and Jordano, 
2002; Ollerton, Winfree and Tarrant, 2011). In addition, 
pollinators have a crucial role in crop production 
worldwide: 80% of crop plant species and 35% of total 
crop production are pollinator-dependent (Klein et al., 
2007). Furthermore, the essential role of pollinators on 
crop yield cannot be compensated by other means, such 
as fertilization or augmented pest control (Motzke et al., 
2015).  
Given the global importance of pollinators and the recent 
declines observed in flying insects in general (Biesmeijer 
et al., 2006; Hallmann et al., 2017; Loboda et al., 2017) and 
in economically important pollinators in particular (Potts, 
Roberts, et al., 2010), understanding pollination networks 
and their functioning becomes an urgent challenge. As 
man-induced environmental changes remain the main 
causes for the biodiversity decline, understanding the 
effects of environmental change on the network is 
essential (Heywood, 1992; Bartomeus et al., 2018). In the 
Arctic, the globally most ubiquitous threat, climate 
warming, is progressing faster than at lower latitudes. 
Thus, studies of Arctic pollination under climate change 
provide opportunities for general insights into 
phenomena related to pollination and ecosystem 
functioning under massive environmental change.  
1.2. Pollination networks and their functioning 
During the last few decades, our understanding of 
ecosystems has expanded at an increasing pace. Advances 
in computer sciences and in molecular methods have 
provided us with a completely new tool box for 
monitoring and understanding fundamental processes in 
nature. In general, higher biodiversity, i.e. more species, 
are associated with increased ecosystem functioning and 
provisioning of ecosystem services (e.g. Hooper, Chapin 
and Ewel, 2005; Isbell et al., 2011; Wang and Brose, 2018). 
The mechanisms, however, partly remain to be 
established. Under natural conditions, most networks of 
interactions are simply too diverse to allow the dissection 
of contributions from individual nodes and links within the 
networks. Thus, current descriptions of biodiversity versus 
ecosystem functioning are mainly focused on descriptions 
of overall community or network structures – with little 
scope for functional interpretation of individual links. This 
lack of knowledge offers a major hurdle for understanding 
ecosystem-level consequences of global change 
(Cardinale et al., 2012). 
Biodiversity is thought to improve ecosystem functioning 
by effects related to either complementarity or sampling 
(Tilman et al., 1997, 2001; Loreau et al., 2001; Hooper, 
Chapin and Ewel, 2005; Cardinale et al., 2012). According 
to the complementary hypothesis, an increasing number 
of species will generate facilitation, allowing the 
component species to use up the local resources more 
completely (e.g. Tilman et al., 1997, 2001; Hooper, Chapin 
and Ewel, 2005). According to the sampling hypothesis, 
picking a high number of species will increase the 
probability of including particularly efficient species in the 
community (even in the absence of any facilitation effects; 
Tilman et al., 1997, 2001; Slade et al., 2007). The main 
difference between these two hypotheses thus relates to 
the relative role of individual species. While the 
complementary hypothesis emphasizes the number of 
species in itself, the sampling hypothesis stresses the 
presence of certain, particularly efficient species or 
functional groups as the main driving force behind 
ecosystem functioning. 
In terms of pollination, biodiversity as such may not be 
particularly important for ecosystem functioning or 
pollination services (Kleijn et al., 2015). Even in diverse 
plant-pollinator networks, the main part of pollination is 
often carried out by the few most common species. The 
most important species is sometimes as much as 16 times 
more efficient than the average species (Kleijn et al., 
2015). The abundance and functional traits of species 
define their importance in the pollination networks (Coux 
et al., 2016), and in terms of crop yield, the functional 
traits of pollinators and the diversity of such traits is more 
important than the number of pollinator species (Fontaine 
et al., 2005; Hoehn et al., 2008; Blüthgen and Klein, 2011; 
Blitzer et al., 2016; Rader et al., 2016). On the other hand, 
even a large number of domesticated honey bees is not 
enough, but other pollinators are also required for 
optimal seed set (Garibaldi et al., 2013; Blitzer et al., 2016; 
Rader et al., 2016). On top of all the biotic features 
(pollination), abiotic features (e.g. water and nutrients) as 
well as interactions between biotic and abiotic features 
are also important in determining the productivity of 
plants (Klein et al., 2015). Thus, the functional role of a 
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single pollinator could vary under different biotic and 
environmental conditions (e.g. Brittain, Kremen and Klein, 
2013). 
While the main part of the pollination function may rely 
on the few most common species (see above), added 
diversity of functional groups may potentially buffer 
pollination under changing environmental conditions 
(Brittain, Kremen and Klein, 2013; Coux et al., 2016). 
Likewise, the identity of the most important pollinators is 
not fixed and might vary over time (Brosi and Briggs, 
2013). Since the identity of the most efficient and 
important pollinators will hence vary in space and in time, 
maintaining high biodiversity can provide an insurance for 
maintaining pollination services in the face of 
environmental changes (Brittain, Kremen and Klein, 2013; 
Kleijn et al., 2015). 
1.3 How are plant-pollinator networks assembled? 
The structure and assembly of natural communities has 
offered a long-term conundrum for ecologists. Both 
abiotic and biotic factors affect the abundance and the 
distribution of species, and their interactions with each 
other. The two trophic layers of plant-pollinator networks 
are assembled through a cross-fire of abiotic, biotic and 
random processes (e.g. Zobel, 1997; see Fig. 1.). These 
processes determine which species are present in the 
global, regional and local species pools. Of these, the 
global species pool contains all existing species, the 
regional species pool contains the subset of species in the 
global pool which able to enter the area, while the local 
species pool is a subset of the regional species as filtered 
by environmental conditions as well as by prior presence 
of suitable interaction partners (Zobel, 1997; Kraft et al., 
2012). Finally, the local conditions determine which 
species are present at a given time in given conditions, and 
which species could thus potentially interact with each 
other. 
Past events may also have a strong effect on community 
structure, e.g. through the dispersal history of the regional 
species pool. In the Arctic, the glaciation history strongly 
affects the distribution of species and the communities 
are still recovering from the last glaciation maximum 
(Hultén, 1937; Hopkins, 1967; Abbott et al., 2000). In 
Arctic plants, genetic diversity and species richness have 
been found to be highest close to glaciation refugia, to 
which species retreated during the glaciation maximum 
(Eidesen et al., 2013; Stewart et al., 2016). With a warming 
 
Figure 1. A general framework for the assembly of pollination networks, and links between resultant structure and  functioning. The 
large green boxes represent the global, regional and local species pools, respectively, and the black arrows the biotic and abiotic 
filters restricting the number of species at each of these levels. The ovals within the local species pool  identifies different factors 
affecting the structure of pollination networks and their functioning. Green, yellow and orange ovals represent the important  factors 
related to plants, flower-visitors and the interactions between these two, respectively. Red arrows represent causalities between the 
factors. The labels on the red circles indicate the chapters of this thesis which address the factor next to the circles.  
8
climate, species communities followed the retreating ice 
sheet and thus, modern species and their potential 
interactions bear signs of this past dispersal history. 
On top of the local pool of available species, 
environmental conditions may strongly shape the 
structure of the plant-pollinator network (Pellissier et al., 
2018). At the finest scale, variation in environmental 
conditions can affect whether and how an interaction 
between plants and pollinators species occur. For 
example, wind speed has been found to change the 
visitation patterns of pollinators on almond trees. The 
extent of change was dependent on the diversity of the 
pollinator communities, suggesting that biodiversity 
buffers ecosystem functioning under environmental 
change (Brittain, Kremen and Klein, 2013). 
As the environment has a strong effect on community 
structure, man-induced change, e.g. climate warming and 
fragmentation, is likely to have an increasing impact. This 
impact is not solely limited to the loss of species and 
potential interaction partners, but changing 
environmental conditions may also reshape interaction 
structure among remaining species. With changes in the 
set of species and the interactions realized between them, 
the functioning of ecosystems and the provisioning of 
ecosystem services will also be challenged. 
1.4. Global change causes loss of biodiversity and 
ecosystem functioning 
Mankind is affecting the ecosystems worldwide. Hence, 
land-use changes, fragmentation of habitats and climate 
warming are recognized as the main drivers to current loss 
of biodiversity (e.g. Tilman et al., 1994; Thomas et al., 
2004). Given that high biodiversity promotes efficient 
ecosystem functioning, we might be facing major changes 
in the functioning of ecosystems. Thus, the loss of 
biodiversity is considered one of the largest crises faced 
by humanity (Heywood, 1992). 
On top of decline in biodiversity in general, the 
biodiversity and abundance of insects, including most of 
the pollinators, have been observed to decline, especially 
in industrialized countries (Biesmeijer et al., 2006; Pettis 
and Delaplane, 2010; Potts, Biesmeijer, et al., 2010; 
Burkle, Marlin and Knight, 2013; Carvalheiro et al., 2013; 
Hallmann et al., 2017). This decline of pollinators and 
pollination services is not limited to natural pollinator 
communities, but likewise applies to both natural and 
domesticated pollinators (e.g. Watanabe, 1994; Cox-
Foster, Conlan and Holmes, 2007; Bromenshenk, 
Henderson and Wick, 2010; Pettis and Delaplane, 2010).  
Climate change, intensification of land-use, fragmentation 
of habitats, invasive species, pesticides and pathogens are 
the main threats to pollinators, as well as to the 
ecosystem services that they provide (Potts, Roberts, et 
al., 2010; Carvalheiro et al., 2013; González-Varo et al., 
2013; Vanbergen, 2013; Hoiss, Krauss and Steffan-
Dewenter, 2015). In many environments, several of these 
threats are present simultaneously (González-Varo et al., 
2013; Vanbergen, 2013), and their combined effects 
challenge the stability of pollinator communities. Given 
the important role of pollinators in the ecosystems and in 
crop production, the current decline of pollinators come 
with potentially devastating consequences, such as a 
significant decline in crop production (Packer and Owen, 
2001; Gallai et al., 2009). 
The functional traits of plants and pollinators affect their 
vulnerability to changes. The length of the flight season, 
dietary flexibility and body size are among the most 
important aspects in explaining pollinator distribution 
patterns (Bommarco et al., 2010; Bartomeus et al., 2013; 
De Palma et al., 2015). Species with shorter flight season 
are less abundant on cropland areas – apparently because 
a short flight season can easily be desynchronized with 
floral resources in areas of low plant diversity (De Palma 
et al., 2015). Among plants, perennial and pollination-
demanding species have declined under land-use 
intensification, whereas many annual plants actually do 
better in unstable habitats (Moser et al., 2015). Under 
intensive cultivation and efficient land use, the proportion 
of outcrossing plant species decreases while the amount 
of self-pollinated plant species increases (Moser et al., 
2015). All these changes affecting the populations of plant 
species may in turn have a cascading effects on species 
with which they interact (Miller-Rushing et al., 2010; 
Evans, Pocock and Memmott, 2013). In the extreme case, 
the extinction of a species will cause the extinction of its 
interaction partners (Memmott, Waser and Price, 2004). 
Man-induced changes in habitats will affect the 
performance of individual species differently, causing 
some species to decrease whereas others might increase 
(Brittain, Kremen and Klein, 2013). Meanwhile, local 
extinctions as well as effects of invasive species increase 
(Clavero and García-Berthou, 2005; Kuussaari et al., 2009). 
Altering species composition will also modify plant-
pollinator interactions and the large-scale structures of 
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their interaction networks (Bartomeus, Vilà and 
Santamaría, 2008; Thébault and Fontaine, 2010; Stavert et 
al., 2018). When the structure of the network changes, 
both direct and indirect effects may arise, the latter of 
which are mediated by interaction partners (Holt, 1977; 
Faeth, 1986; Wootton, 1994; Roslin et al., 2013; Miller et 
al., 2015; Simmons et al., 2018). 
The most connected and abundant species are generally 
most resistant to changes in the structures of the 
interaction networks (Dunne, Williams and Martinez, 
2002; Verdú and Valiente-Banuet, 2008; Winfree et al., 
2014). These core species are the ones maintaining the 
stability of mutualistic communities (May, 1976; Dunne, 
Williams and Martinez, 2002; Memmott, Waser and Price, 
2004; Montoya, Pimm and Solé, 2006; Verdú and 
Valiente-Banuet, 2008; Kaiser-Bunbury et al., 2010; 
Thébault and Fontaine, 2010; Cardinale et al., 2012). In 
simulations, it has been found that if these most abundant 
and well-connected species are lost, then the whole 
community is prone to secondary loss of species (Fortuna 
and Bascompte, 2006). In general, simulated pollination 
communities have been shown to be robust to the loss of 
pollinator species, whereas empirical data partly suggest 
the opposite: Removing a single, though abundant, 
pollinator species from a community caused the visitation 
patterns of the remaining pollinators to change (Brosi and 
Briggs, 2013). This removal of a single species also 
decreased the fidelity of other pollinator species to flower 
species, thus launching a potential cascading effect on the 
pollination efficiency at the community level (Brosi and 
Briggs, 2013). 
In conclusion, an accurate description of interaction 
networks is essential for predicting how they will function 
under environmental change. Networks of plants and 
their pollinators are known to be resilient and could adjust 
to the environmental changes. Even though our 
understanding on how networks are structured and 
function has improved, much uncertainty remains in 
terms of what will happen to the network structures and 
functioning in changing environments. Understanding the 
effects of a loss of diversity on associated ecosystem 
services is of greatest interest given current man-induced 
changes to communities worldwide. 
1.5. The species-poor Arctic offers a good model system 
for understanding plant-pollinator interactions 
In general, biodiversity decreases with increasing latitude 
(Pianka, 1966; MacArthur, 1972). As both the Arctic fauna 
and flora are species poor (e.g. Lundgren and Olesen, 
2005), the plant-pollinator networks of the Arctic are also 
simple and tractable (Pianka, 1966; Olesen and Jordano, 
2002). In addition, arctic plants and pollinators are tightly 
connected, since most of the Arctic insect fauna visits 
flowers (Hocking, 1968; Lundgren and Olesen, 2005) and 
many of the flowers require insects for optimal seed set 
(Kevan, 1972). In addition to pollen and nectar, Arctic 
pollinators search for shelter in the flowers, which have 
been found to offer microclimatic hotspots warmer than 
the environment (Kevan, 1972; Dietrich and Körner, 
2014).  
Since the structure of natural interaction networks tends 
to be extremely complex (Fontaine et al., 2011; Evans, 
Pocock and Memmott, 2013), the species-poor Arctic 
provides a convenient model system for understanding 
the links between the structure and functioning of 
networks. Additionally, the short summers force both 
plants and flower-visiting insects to reproduce rapidly 
after the snow-melt before winter returns. Thus, the 
combination of a short snow-free period with limited 
species number facilitates the task of sampling the full 
seasonal span of spatial and temporal variation in species 
communities, and of tying their structure to seasonal 
patterns in ecosystem functioning. 
1.6. Arctic pollination and the warming climate 
The Arctic is changing fast, and the effects of global 
warming are especially pronounced in this area. Overall, 
the pace of temperature increase is twice faster in this 
region as compared to the global average (Kattsov et al., 
2015). Thus, one may expect major climatic impacts on 
the arctic ecosystems in the near future. In fact, many 
changes can already be detected: the snow-free area 
(Tedesco et al., 2011) and the shrub cover (Sturm et al., 
2001) are increasing, and interactions between plants and 
pollinators are challenged by shifting phenologies 
(Schmidt et al., 2016) and by pollinator declines (Loboda 
et al., 2017). 
Bees (Apoidea) are considered as the most important 
pollinators worldwide, but they are missing from the 
northernmost areas. This lack of bees contributes to 
making muscid flies (Muscidae) the most important 
pollinators in many Arctic and alpine areas (McAlpine, 
1965; Kevan, 1972; Pont, 1993; Elberling and Olesen, 
1999). At Zackenberg, North East Greenland, the amount 
of muscid flies has decreased by a devastating 80% during 
the past two decades (Loboda et al., 2017). Such loss of 
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efficient pollinators is likely to affect the pollination and 
seed set of the plants (Kaiser-Bunbury et al., 2010). 
Seasonal patterns in the abundance of insects in the 
Alpine and Arctic depends strongly on temperature 
(Totland, 1994; Hodkinson and Coulson, 2004; Høye, 
Ellebjerg and Philipp, 2007) and on snow-melt (Nielsen 
and Schmidt, 2013; Loboda et al., 2017; Kankaanpää et al., 
2018). Likewise, the flowering phenology of arctic plants 
is strongly affected by the accumulation of degree days 
(Thórhallsdóttir, 1998; Høye, Ellebjerg and Philipp, 2007) 
and by snow-melt (Høye, Ellebjerg and Philipp, 2007). As 
a result, the warming climate affects the phenology of 
arctic species at both trophic levels, and interactions 
between plants and their visitors have to adjust to this 
(Hodkinson et al., 1998; Miller-Rushing et al., 2010; Høye 
et al., 2013). 
In general, spring has become earlier in Greenland (Høye 
et al., 2007, 2013) while the phenologies of insects and 
plants have shifted in idiosyncratic manners (Schmidt et 
al., 2016). However, for pollination to happen, these two 
guilds need to meet in time (Burkle and Alarcón, 2011), 
and any temporal mismatch may hamper pollination 
(Hegland et al., 2009; Miller-Rushing et al., 2010; Schmidt 
et al., 2016). That such challenges are currently occurring 
was suggested by the observation of an increased 
mismatch between plant flowering and pollinators in NE 
Greenland (Høye et al., 2013; Schmidt et al., 2016). Such a 
mismatch may prove particularly harmful in the short 
arctic summer where a lack of time after flowering and 
pollination may result in reproductive failure 
(Thórhallsdóttir, 1998). A temporal mismatch might thus 
lead to flowers without pollinators and pollinators 
without nectar and pollen (Høye et al., 2013; Schmidt et 
al., 2016).  
On top of climate warming, inter-annual fluctuations in 
environmental conditions, such as snow-cover, 
temperature and weather in general, are challenging 
arctic pollination (Schmidt et al., 2016; Kankaanpää et al., 
2018). The arctic pollination is highly weather-dependent 
as the activity of insect pollinators depends on the 
temperature and sunshine; the pollinators are not moving 
if the weather is bad (McAlpine, 1965; Kevan and Baker, 
1983; Totland, 1994; Hodkinson, Coulson and Webb, 
1996; Høye and Forchhammer, 2008; Wheeler et al., 
2015). Poor weather conditions might also affect the 
plants’ ability to get pollinated and produce seeds (Wada, 
1999). When the climate is warming, the springs become 
earlier, and the probability of extreme weather events 
(e.g. severe frost) during flowering increase (Wheeler et 
al., 2015). This could lead to failure in the reproduction of 
both plants and insects. 
As the effects of climate warming and inter-annual 
fluctuations in environmental conditions become stronger 
in the Arctic, and since biodiversity in general enhances 
ecosystem robustness (Dunne, Williams and Martinez, 
2002; Kaiser-Bunbury et al., 2010), the species-poor arctic 
systems are likely to be vulnerable to ongoing change. 
However, the fact that major fluctuations are natural 
parts of the Arctic climate, and that species are hence 
adapted to such variation (Scholander et al., 1950; Bliss. L 
and Bliss, 1962; Addo-Bediako, Chown and Gaston, 2002), 
may dampen some of the short-term impacts at the 
ecosystem level. Nonetheless, individual species may still 
be strongly affected by the changes (Hodkinson et al., 
1998; Post et al., 2009). 
1.7. Aim of the thesis 
To address links between the biodiversity and ecosystem 
functioning in interaction networks, I studied pollination 
at a High Arctic site – the Zackenberg valley in North East 
Greenland (I & III). To acquire a pan-arctic perspective on 
pollination networks, I complemented my work at 
Zackenberg with a study spanning a wide range of 
latitudes. To this aim, I analyzed the local pollinator 
assemblage and plant seed set at 15 locations spread 
across the Arctic (II). Overall, I asked the following 
questions: 
1. Within arctic pollination networks, are some of the 
species, genera or families more important than 
others? (I, II & III)  
2. How does the structure of the flower-visiting 
community reflect into its functioning? (I, II & III) 
3. Are there pan-arctic patterns in the structure of 
flower-visiting communities and/or in their 
functioning? (II) 
4. What seasonal patterns may we distinguish in the 
structure of arctic pollination networks and in relation 
to ecosystem functioning? (I & III) 
5. How will climate change affect the pollination service 
in the High Arctic? (I, II & III) 
How the different chapters of my thesis relate to the 
overall framework of community assembly, and how they 
link to each other is visualized in Figure 1. 
11
2. METHODS 
My study focuses on the pollination networks of the 
Arctic, and especially on the communities related to the 
wide-spread Avens, Dryas sp. (Rosaceae, see Fig. 2A). This 
is one of the most important flowering plants in the High 
Artic (Lundgren and Olesen, 2005; Rasmussen et al., 
2013). I conducted the work related to Chapters I & III in 
the Zackenberg valley (74°30’ N, 21°00’ W, for detailed 
locations see Figures 3A & 4A) in the North-East 
Greenland national park. The valley is characterized by a 
High Arctic climate, with monthly average temperatures 
ranging from -20 to 7 °C and annual precipitation being 
around 260 mm (Sigsgaard et al., 2008). The landscape is 
mainly covered by small shrubs and erosion by water and 
ice creates many vegetation-free patches of mineral soil 
and the vegetation of the valley is a diverse mosaic (Bay, 
1998), creating pronounced spatial variation in 
assemblage structure of the local flower visitors. 
The Zackenberg site is characterized by a relatively simple 
species community (Wirta et al., 2014), and yet it has all 
the essential layers of a traditional trophic network (see 
Schmidt et al., 2016). The lack of massive number of 
species in this specific network allows us to look the roles 
of individual species or species groups in more detail. 
To address whether some of the species, genera or 
families more important than others within arctic 
pollination networks, I sampled flower-visitors with sticky 
traps mimicking Dryas-flowers (I & II, for study design see 
Fig. 3B). To track broader patterns in the Arctic pollination 
networks and in their functioning, I used a distributed 
study design, where simple-to-use sampling kits were sent 
to 15 research stations across the northern hemisphere 
(see Fig. 5).  
Given the large geographical and taxonomical span of my 
flower-visitor samples, all the pollinators caught in 
Chapters I & II were identified with DNA-based methods – 
replacing the need for extensive, time- and resource-
consuming involvement of taxonomic experts around the 
world. The identification of individuals was based on the 
DNA barcode region of mitochondrial cytochrome c 
oxidase 1 (CO1), as routinely used in identification of 
animals (Hebert et al., 2003). The DNA was extracted from 
a small tissue sample of each individual caught, and the 
samples were PCR-amplified and sequenced in the 
Canadian Center for DNA Barcoding following their 
standard protocols (CCDB, www.ccdb.ca/resources.php). 
The sequence information was then imported to Barcode 
of Life Data Systems (BOLD, www.barcodinglife.org 
(Ratnasingham and Hebert, 2007)) to be compared and 
identified with the reference barcodes. In my thesis, I use 
barcode index numbers (BINs; Ratnasingham and Hebert, 
2013) as taxonomical units – since with few exceptions, a 
BIN equals a morphologically identifiable species (Wirta et 
al., 2016). 
 
Figure 2. Key species addressed in my study: A) Dryas and B) Silene acaulis. Panel A shows a Dryas tussock growing at Zackenberg, 
North East Greenland. In this region, most individuals of Avens are hybrids Dryas octopetala×integrifolia (Philipp and Siegismund, 
2003). 
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Figure 3. Locations (A) of the study sites in Chapter I and design (B) of the study sites in Chapters I & II, with a photography of a 
sticky flower mimic (C) used to sample insects. In panel A, the yellow circles represent the locations of the study sites within the 
Zackenberg valley in northeastern Greenland. In panel B, the white circles with yellow center represent the 20 sticky traps placed in 
each of the study squares. The sticky traps shown in C were installed for three days during the peak flowering of Dryas. The light 
green circles represent the pollinator exclusion cages (Ø 20 cm). To resolve the effect of flower visitors, the seed set of Dryas was 
recorded separately for the flowers inside and outside the exclusions in the end of the season. Five similar study squares were 
established at each of the study sites. 
Figure 4. Locations (A) and design (B) of the study sites in Chapter III. In panel A, the red circles represent the locations of the study 
sites within the Zackenberg valley in northeastern Greenland. In the panel B, the empty circles represent the ten study plots within 
each study site. The overall flower abundance, pollen loads on muscid flies and seed set of flowers was recorded at the level  of these 
individual study sites. In addition, flower abundance and visitation rates on flowers were recorded at the level of the study plot. 
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How the structure of the flower-visiting community reflect 
into its functioning was examined by monitoring 
especially Dryas (I & II) but also other plant species (III). 
Here, I used seed set as a key measure of ecosystem 
functioning, and related this metric of pollination success 
to the structure of the flower-visiting community 
observed at the same sites. Since we used Dryas-
mimicking sticky traps, we recorded only the seed set of 
Dryas in Chapters I & II. Scoring of seed set was based on 
recording what fraction of flowers had produced seed 
heads at the end of the growing season. To separate 
effects of pollinators from seed set by autogamy, we used 
small cages to exclude pollinators from some of the 
flowers. 
To track seasonal patterns in the structure of arctic 
pollination networks and in relation to ecosystem 
functioning, I recorded season-long spatial patterns in the 
pollination network and in its functioning at Zackenberg 
(III). To this end, I monitored phenological patterns in 
flower abundance, pollinator visitation rate and pollen 
loads carried by muscid flies, and in the seed-set of the 
most common plant species, at 24 sites followed through 
the two months of arctic summer (for study site locations 
and design see Fig. 4B). 
To address how climate change affects the pollination 
service in the High Arctic, I used a space-for-time design 
to first identify the key contributors to current 
functioning, then relating variation in this functioning to 
current variation along environmental gradients (I, II & III). 
In general, environmental conditions of higher altitudes 
and latitudes reflect a colder climate, and the effects of 
climate on communities could thus be seen by comparing 
patterns at such colder areas to patterns at lower 
altitudes and elevations (Walker and Mathewes, 1989; 
Kearns, 1992; Pont, 1993; Elmendorf et al., 2015). Thus, 
the sampling effort in Chapters I & III was distributed 
across 15 and 24 sampling sites, respectively, along an 
elevational gradient. In Chapter II, I sampled pollinator 
communities across a latitudinal gradient. 
3. RESULTS AND DISCUSSION 
In this thesis, I found Arctic pollination networks to be 
highly diverse, but dominated by just a few of the species 
present. Signs of past glaciation history were found in 
current community composition, with the highest 
taxonomic diversity detected in areas closer to past glacial 
refugia. Regional communities differed substantially in 
terms of species composition, with surprisingly high β-
diversity (i.e. few species shared among sites). The 
community of flowering plants was highly seasonal and 
the community of flower-visitors surprisingly diverse. 
Based on my experiments in Zackenberg, almost the 
whole insect fauna visits the flowers and could be 
considered potential pollinators. On top of that, Arctic 
plants are tightly tied to their pollinators, and seem to 
suffer from severe pollen limitation (e.g. Ashman et al., 
2004), resulting in strong competition for pollination 
especially during the short flowering peak of the early 
summer.  
Though the pollinator community was relatively abundant 
and diverse, I found only a small portion of it to be 
generating most of its functioning. In the plant 
community, Dryas emerged as the dominant species 
acquiring most of the flower visits, dominating the pollen 
loads on pollinators and providing a resource for almost 
the whole local insect fauna. In the insect community, 
muscid flies proved the key pollinators. They carry loads 
of pollen between the flowers and the seed set of Dryas 
increases with muscid abundance. By contrast, the 
diversity of the rest of the flower-visiting community did 
not detectably effect ecosystem functioning. 
At present, the decline of pollinators is not limited to 
lower latitudes, but is also documented in the very same 
Arctic community that I have been working with 
(Zackenberg; Loboda et al., 2017). As climate change is 
challenging the phenology of interactions which sustain 
arctic pollination (Schmidt et al., 2016), the future 
functioning of pollination in arctic ecosystems may be 
imperiled. My observation of strong competition for 
Figure 5. Locations of the study sites of Chapter II. The red 
circles represent the locations of the study sites. The map is 
adapted from Chen-Pan Liao, CC BY-SA 4.0, https://commons 
.wikimedia.org/w/index.php?curid=14530212. 
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pollinators during the flowering peak may in part be a 
recent phenomenon, caused by a decline of muscid flies 
during the last few decades (Loboda et al. 2017) and by a 
recent plant-pollinator mismatch (Schmidt et al. 2017). If 
so, the consequences may be aggravated as climate 
warming continues.   
3.1. Within arctic pollination networks, are some of the 
species, genera or families more important than others?  
In general, the Arctic area is species poor and this pattern 
is also reflected in the structure of arctic pollination 
networks (e.g. Pianka, 1966; Pont, 1993; Rasmussen et al., 
2013). However, across the Arctic we found Dryas 
mimicking sticky traps to attract as many as 26,406 
individuals of 1,360 flower visiting species (II). Thus, my 
work reveals a match between the Arctic area and lower 
latitudes: most insects worldwide are attracted by the 
nectar and pollen provided by flowers (Olesen and 
Jordano, 2002; Ollerton, Winfree and Tarrant, 2011). The 
flower visiting community also emerged as extremely 
diverse compared to the full fauna previously recorded 
from the regions sampled. At a smaller scale, at 
Figure 6. Composition of flower visiting community of Dryas at Zackenberg. The sectors represent individual species caught (n= 180). 
Red, blue, green and yellow sectors represent Araneae, Diptera, Hymenoptera and Lepidoptera, respectively. The dark blue sector 
represents the most important pollinator species, Spilogona sanctipauli Muscidae. The width of the sectors indicates the relative 
proportion of the species. The chart is based on 7,947 individual flower-visitors. 
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Zackenberg, intensive sampling with sticky flower-mimics 
captured more than two-thirds of the full local insect 
fauna (I, Fig. 6). Thus, Dryas emerges as a resource uniting 
the whole insect community. 
Based on my results in Chapters I, II & III, the contribution 
of individual plants and flower-visiting species to the 
structure and functioning of arctic communities is highly 
uneven. In terms of both plants and flower-visitors, some 
species were highly abundant and dominated the 
network. In Chapter III, I tracked the seasonal patterns of 
the plant community in the Zackenberg valley. Together, 
the three most abundant flowering species accounted for 
a full 80.2% of all flowers in the region, with Cassiope 
tetragona, Dryas octopetala and Bistorta vivipara making 
up 42.0 %, 31.2 % and 7.4 % of the flowers on my study 
sites, respectively. While Dryas accounted for 56.2% of the 
flowers on my observational study plots, it alone received 
more than 97.2% of all flower visits by insects.  
Just as the functioning of the plant community was 
dominated by a few plant species, and by Dryas in 
particular, the flower-visiting insect community was 
likewise dominated by a few highly abundant species: In 
Zackenberg, the three most common species accounting 
for a total of 41.3% of the flower visits were Drymeia sp. 
(Diptera: Muscidae), Spilogona sanctipauli and Microplitis 
lugubris (Hymenoptera: Braconidae) attributed for 17.4%, 
15.2% and 8.7% of the flower-visits, respectively. This 
pattern, where majority of the flower visitors trapped at a 
given site belonged to a relatively small pool of species 
was similar across the Arctic (II), with the three most 
common flower visitors accounting for an average of 
45.3% (±SE15.7%) of all flower-visits. 
Spatial variation in the flower-visiting communities of the 
high Arctic was high at both the local (I) and pan-arctic (II) 
scale. Given this variation, no single species or family will 
dominate the contribution of pollinators across the whole 
Arctic. High local ( ) diversity will then increase the 
probability that an efficient pollinator will be present 
within the fauna of a given area. Even though high species 
turnover (β diversity) at the species level communities, 
some families, e.g. Chironomidae and Muscidae were 
relatively abundant (22.6% SE±16.4% and 19.8% SE±8.6%, 
respectively) across the sampled sites, suggesting an 
important role for them in all Arctic ecosystems.  
As Dryas received almost all the flower visits, it is evident 
that it provides a highly important resource for the flower-
visiting insects. This was further shown in Chapter I, where 
I encountered 185 different arthropod species, including 
two thirds (177/269) of all the insects encountered in 
Zackenberg (Wirta et al., 2016), on sticky Dryas-mimicking 
traps. Also in the pan-arctic study, Dryas-mimics were 
attracting a wide taxonomic range of flower-visitors.  
In conclusion, my results reveal large variation in the 
composition of flower-visiting communities of the Arctic, 
but suggest that most of them are dominated by a few 
locally abundant insect species. While the flower-visitor 
communities showed no pan-arctic patterns, among the 
plants, Dryas emerges as a widely distributed, locally 
abundant species, which is visited by a wide range of 
flower visiting species. Thus, one could say that Dryas is 
truly a key species of the Arctic, tying together the whole 
pollination network. 
3.2. How does the structure of the flower-visiting 
community reflect into its functioning? 
As mentioned above, the abundance of individual plant 
species was not directly reflected in their functional 
importance within the pollination network, since Dryas 
attracted practically all the flower-visits. In terms of the 
pollination of Dryas, a single fly family, Muscidae, and 
even a single species within this family, Spilogona 
sanctipauli, proved the main contributor to seed set at 
Zackenberg (I). Meanwhile, overall species diversity in the 
pollinator community did not detectably increase 
ecosystem functioning (sensu seed set). In terms of 
biodiversity effects on ecosystem functioning (sampling 
vs. complementary hypothesis; Loreau et al., 2001; Tilman 
et al., 2001; Cardinale, Palmer and Collins, 2002; Hooper, 
Chapin and Ewel, 2005), my results are consistent with the 
sampling hypothesis, where a few important species or 
species groups sustain most of the pollination function.  
In Chapter III, I observed patterns of intra- and 
interspecific competition for pollination among the plants 
of the High Arctic. Since muscid flies appeared the most 
important pollinators at Zackenberg (I), I was interested in 
their pollen carrying abilities and thus monitored their 
pollen loads in Chapter III. Here, the relatively abundant 
muscid flies emerged as truly efficient pollinators, carrying 
an average of 260 pollen grains per individual, as 
compared to lower counts in other taxa of the area 
(Nielsen and Schmidt, 2013). Among the plants, Dryas 
again transpired as the dominant species, contributing 
90.4% of all pollen grains carried by muscid flies. 
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Competition resulting from the high abundance of Dryas 
flowers was visible not only in reduced visitation rates on 
other flowering species (see above), but was also evident 
in the pollen loads and seed set of plants. While an 
increasing abundance of Silene acaulis (Caryophyllaceae, 
Fig. 2B) flowers increased the presence of Silene pollen on 
muscid flies, an increasing abundance of Dryas flowers 
cancelled out this effect, weakening the relationship 
between Silene flower abundance and Silene pollen 
transport (see, Fig. 7). In terms of seed set, high 
abundances of Dryas flowers during the flowering of 
Silene and Dryas individuals resulted in decreased seed set 
by both species. 
As such, the interspecific competition observed in the 
pollen loads and seed set between a dominant plant 
(Dryas) and a sympatric taxon (Silene) was perhaps no 
surprise, but such effects have rarely been documented in 
nature. Intraspecific competition for pollination, as 
observed in the seed set of Dryas, was perhaps more 
surprising. Past studies have suggested that a high amount 
of conspecific flowers may rather promote more efficient 
pollination through decreased amount of heterospecific 
visits and pollen deposition (Blüthgen et al., 2007; King, 
Ballantyne and Willmer, 2013; Ballantyne, Baldock and 
Willmer, 2015). However, my findings suggest that 
pollinator abundance may sometimes fall short of fulfilling 
the pollination need by the plants – in particular during 
strong bouts of flowering during the short summer of the 
High Arctic. 
While Dryas attracts a large portion of the flower-visiting 
insects available, it still seems strongly pollen and 
pollinator limited. At all spatial scales, the presence of 
pollinators increased the seed set of Dryas. Such effects 
were found both within the Zackenberg valley and across 
the Arctic, with a 24.7% ±SE11.7% and 30.3% ±SE22.5% 
increase in seed set, respectively, recorded in the 
presence of flower-visitors (I & II). Even in the presence of 
pollinators, pollen limitation remained evident at both the 
local scale and the pan-arctic scales, as only 33.6% 
(±SE12.6%) and 53.0% (±SE19.0%) of the seed heads were 
 
Figure 7. Presence of Silene pollen on muscid flies as a function of Silene and Dryas flower abundances recorded at the study sites. 
The y-axis shows the probability with which Silene pollen was found on individual muscid flies, while the x-axis shows log10(a+1)-
transformed Silene flower abundance. Lines of different colors represent different abundances of Dryas flowers. The graph shows 
fitted probabilities from the GLMM described in the Chapter III. 
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producing seeds, respectively. This pollination limitation 
was evident and became more severe during the peak 
flowering of Dryas, as the seed set of both Dryas and 
Silene decreased with high Dryas densities in Chapter III.  
While Arctic pollination communities are dominated by a 
few plant and flower-visiting species, such dominance can 
also be found at the lower latitudes. E.g. the pollination 
networks of agricultural habitats are similarly dominated 
by only few species (e.g. Goodwin, Cox and Taylor, 2011; 
Rucker and Thurman, 2012; Kleijn et al., 2015), and 
invasive plants are also dominating the pollination 
networks of some areas (Brown, Mitchell and Graham, 
2002; Clavero and García-Berthou, 2005; Bartomeus, Vilà 
and Santamaría, 2008). If this dominance reflects into the 
functioning of the network as it does in the Arctic, then 
one may expect matching effects in agricultural systems: 
A farmer may then want to monitor that the crop plant 
receives enough flower visits not to suffer from pollen 
limitation and/or intraspecific competition. In addition, 
from the perspective of natural plants, pollination 
competition with crop plants may be causing reduced 
offspring and hamper the population. Even though crop 
plants are believed to have only minor effects on natural 
plant communities (Magrach et al., 2018), crop plant 
flowering may still reduce reproductive performance to a 
so far unknown extent. Thus, my findings from an arctic 
plant in the furthest North (Silene at Zackenberg) offer 
some cause of concern for communities at other latitudes, 
as dominated by abundant crop species and other invasive 
species. 
3.3. Are there pan-arctic patterns in the structure of 
pollinator communities and/or in their functioning?  
In my comparison of flower-visitors across the Arctic (II), I 
found large site-to-site variation in the structure and 
composition of the pollinator community. The seed set of 
Dryas, recorded as a measure of ecosystem functioning, 
likewise showed large variation between sites. By linking 
species richness and environmental conditions, I was able 
to show that the local flower-visitor communities were 
shaped by temperature and precipitation. Both local 
precipitation and temperature emerged as key predictors 
of local flower-visitor diversity. In addition, the structure 
of flower-visitor communities and their phylogenetic 
diversity seemed related to the glaciation history of the 
region, being highest close to past glaciation refugia. 
While at Zackenberg, muscid flies were identified as the 
most important pollinators of Dryas (I), no similar pattern 
emerged at the an-arctic scale. Here, variation in 
community structure, environmental factors and the 
levels of autogamy of Dryas strains all varied in 
idiosyncratic manners (Fig. 8). 
In terms of the phylogenetic structure of the communities, 
the largest differences were found between northeastern 
and northwestern parts of the North America. 
Surprisingly, this difference was larger than the one 
between Alaskan and Eurasian communities. These 
patterns potentially derive from strong glacial isolation 
between eastern and western North America during the 
latest glacial periods. The communities of Eurasia and 
northwest America were similar, as likely reflecting a 
shared glaciation refugium in Beringia (Hopkins, 1967; 
Cook et al., 2005; Ávila-Jiménez and Coulson, 2011; 
Eidesen et al., 2013). Also, the highest phylogenetic 
diversity among the communities sampled was found at 
sites near Beringia, adding evidence for an important 
glaciation refugium in this area.  
The structure of flower-visiting communities varied 
substantially among arctic sites (II), resulting in high 
species turnover (high β-diversity) among sites. With 
respect to the species shared among sites, European and 
Alaskan communities (including Zackenberg in North-East 
Greenland) formed the most distinct groups and shared 
more species with each other than with northeastern 
America – a pattern reminiscent of that found for 
phylogenetic diversity (above). The flower-visiting 
community of Svalbard shared some species with the 
community of Zackenberg, likely reflecting the (relative) 
ease of insect dispersal among these sites. Importantly, 
Figure 8. Seed set of Dryas at individual sites. The y-axis 
shows the proportion of successful seed set in Dryas. Light 
gray and black bars represent seed set with pollinators present 
versus excluded, respectively. Exclusions were not used in 
Finse and Kangerlussuaq, whereas at Utqiaģvik (Point Barrow) 
no seeds were produced in the exclusions. 
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the patterns observed here for flower-visiting insects 
were similar to those previously reported from arctic 
plants (Eidesen et al., 2013; Stewart et al., 2016). This 
suggests a shared post-glacial dispersal history for both 
trophic layers in arctic pollination networks. 
Given the high number of flower-visitors trapped with the 
Dryas-mimicking traps across a wide geographical range, 
Dryas is highly important for the flower-visitors across the 
Arctic. In terms of the rates of the ecosystem functioning 
measured (seed set of Dryas), the pan-arctic study 
revealed great site-to-site variation in levels of seed set in 
general, and in particular in the level of the seed set 
contributed by the flower-visiting community. In 
conclusion, given the high spatial variation in flower-
visiting communities and the phenotypical plasticity in 
Dryas, the identity and relative contribution of flower-
visitors important to Dryas is likely to vary substantially 
between the regions. This idiosyncratic variation in the 
structure of flower-visiting communities and in the level 
of seed set by Dryas suggests that the drivers of 
pollination and seed set will differ among regions. 
Overall, the combination of 1) a lack of any detectable 
relation between species richness and ecosystem 
functioning at both the local and pan-arctic scale, 2) the 
existence of a single, functionally dominant pollinator 
species in one region (I, Spilogona sanctipauli in 
Zackenberg), and 3) the occurrence of high β-diversity at 
a pan-arctic scale uncovered in my thesis work, suggests 
that the pollination function is provided by different 
species in different regions. Given high inter-annual 
variation in arctic communities, these observations 
support the sampling hypothesis as a plausible 
explanation for a positive relationship between diversity 
and ecosystem functioning. Under this scenario, high 
species richness increases the chances that a particularly 
efficient pollinator will be present at a given time in a 
given place. 
3.4. What seasonal patterns may we distinguish in the 
structure of arctic pollination networks and in relation to 
ecosystem functioning?  
Given the shortness of arctic summers, arctic 
communities exhibit extreme phenological change. The 
phenology of both plants and flower-visitors is clearly 
seasonal (III), which is common in the arctic and alpine 
areas (Totland, 1994; Hirao et al., 2006; Mizunaga and 
Kudo, 2017). At Zackenberg, the flowering proceeds at a 
quick pace, with the first flowers opening right after the 
snow-melt. In terms of the pollination network of the high 
arctic, the most pronounced seasonal pattern was the 
short peak in flower abundance during the early season 
(III). The flowering of most plant species is concentrated 
to the early season, with peak abundances reached in the 
late June and early July (with an average around July 2nd 
for my study sites). After the flush flowering of the early 
season, the overall flower abundance drops drastically 
towards the end of the season. As described in previous 
sections, the flowering of Dryas plays a key role in terms 
of the functioning of the whole pollination network and 
ecosystem. At Zackenberg, the flowering peak of Dryas is 
reached at June 30th (Fig. 9), and translates into strong 
seasonal patterns in the functioning of the overall 
pollination network. 
High seasonal variation in the abundance of flowers 
resulted in uneven competition for pollinators during 
different parts of the summer. As a likely result of 
competition for pollinators, the seed set of plants was 
highest among flowers open either before (Dryas) or after 
(Silene) peak flowering. The overall visitation rate (visits 
per flower) was highest early in the season, before the 
flowering peak, as likely due to less flowers competing for 
the pollinators. Visitation rates then decreased towards 
the later parts of the season, during and after the 
flowering peak of Dryas. During the highest flowering 
Figure 9. Phenology of Dryas flowering on my study sites in 
Zackenberg in 2016 (III). The graph shows fitted values from 
Generalized Additive Mixed Model with the abundance of 
Dryas flowers as a function of days since January 1 (Day of 
Year). In the model, the identity of the study site is used as a 
random effect and day of the year as a smoother. The y-axis 
shows the predicted abundance of Dryas flowers on a study 
site, while the x-axis represents the day of the year. The error 
bars represent 95% -confidence intervals derived from the 
model. 
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peak, the attractive Dryas flowers strongly competed for 
the pollinators with other species (interspecific 
competition) but also with other individuals of Dryas 
(intraspecific competition). This competition over 
pollination resulted in a seasonal patterns in the seed set 
of Dryas and Silene: the seed set of Dryas increased and 
the seed set of Silene decreased with increasing day of 
year. Dryas flowers were producing more seeds early in 
the season whereas the seed set of Silene reached its 
maximum after the flowering peak. Thus, in terms of seed 
set, both species perform better outside the highest 
flowering peak, which was also the peak of competition 
for the pollination service. 
Dryas flower density seems the main reason for 
competition among plants for pollination in Zackenberg. 
Indeed, its impact was evident in terms of each response 
examined: flower visitation rates, pollen loads and seed 
set. Increased Dryas flower densities during peak 
flowering causes increased pollen limitation and intra- 
and interspecific competition over the pollination. In 
Chapter I, the sampling of flower visitors with sticky traps 
was repeated at some of the sites later in the season. For 
practically all insect species and groups, I found 
significantly more insects in terms of overall abundance 
and species richness. Based on this late season sampling, 
the abundance and diversity of pollinators thus reach their 
maximum level after the flowering peak of the plants, and 
their life cycles are likely timed by different cues than is 
plant flowering. The increased flower visitor abundance 
after the flowering peak observed may reflect the 
increasing temporal mismatch of these two guilds 
observed in Zackenberg (Schmidt et al., 2016). 
Meanwhile, the observed high level of intra- and 
intraspecific competition is likely a combined result of this 
phenological mismatch (Schmidt et al., 2016) and of a 
decline in populations of the most important pollinators 
of the region (Loboda et al., 2017). 
Overall, the highest abundance of most arctic flowers is 
concentrated to the flush flowering of the early season. 
This high seasonality in the pollination network accounted 
for many of the patterns detected in terms of competition 
for pollination and in the ecosystem functions driven by 
flower-visiting insects. To the best of my knowledge, this 
kind of pollinator-mediated seasonal competition 
patterns in the seed set of plants has not been previously 
documented. Yet, patterns similar to the ones here 
observed for Dryas flowering are likely found in other 
pollination networks dominated by few species, e.g. in 
agricultural landscapes as well as in ecosystems 
dominated by invasive species. Increased competition 
during a short period of intense crop flowering might then 
result in decreased pollination of both the crop plant itself 
as well as of wild plants in surrounding habitats (see 
previous section). This could lead to decreased fitness of 
species or individuals the flowering of which coincides 
with the flowering peak of the crops (as was the case for 
Dryas and Silene individuals flowering during the 
flowering peak of Dryas). 
3.5. How will climate change affect the pollination 
service in the High Arctic? 
The arctic climate is warming twice as fast as the world on 
average (Kattsov et al., 2015). Even though the Arctic is 
and has been under constant change with fluctuations in 
the extent of continental glaciers (Paillard, 1998), and 
while the region is still recovering from the last glaciation 
maximum, the changes caused by the warming of the past 
few decades are already visible (e.g. Sturm et al., 2001; 
Kattsov et al., 2015; Schmidt et al., 2016). Even though I 
did not directly monitor the change in the environment 
and communities between years in my thesis, I did gain 
snapshots of tens of current pollination networks in my 
time-for-space study designs along altitudinal (I & III) or 
latitudinal gradients (II). This gives me an opportunity to 
speculate about the future functioning of the pollination 
network under changing environmental conditions and 
global warming. 
In Chapter III, the flowering community showed some 
significant patterns across the elevation gradient. In 
general, the abundance of flowers decreased with 
increasing elevation. This pattern was partly caused by a 
drastic decreased in abundance of some relatively 
abundant flowering species (e.g. Cassiope tetragona 
Ericacea, Vaccinium uliginosum Ericacea) with increasing 
elevation. Indeed, both Cassiope and Vaccinium were 
completely missing from the highest elevations. The 
highest plant species richness was achieved in 
intermediate elevations. In Chapter III, I also found a 
relative shift in flowering phenology of Dryas and Silene 
along the altitudinal gradient: at higher elevations, Silene 
was flowering earlier compared to the flowering of Dryas. 
In Chapter I, the increasing elevation resulted in 
decreased seed set by Dryas. However, this effect on 
ecosystem functioning was not likely attributable to 
changes in the pollinator communities but rather to the 
environmental conditions, since the effect of elevation 
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was similar in both flowers with pollinators and flowers 
from which the pollinators were excluded. Shifts in the 
plant communities and their phenology, as well as in seed 
set of Dryas, were evident along the elevational gradient, 
but whether these patterns are attributable to the 
changes in flower visiting community remains a moot 
point. 
As the timing of flowering of plants and emergence of 
pollinators are mediated by partly different cues 
(Gillespie, Baggesen and Cooper, 2016), environmental 
conditions will likely affect their temporal overlap. Thus, 
in my study area at Zackenberg, the competitive 
environment caused by the flowering peak of Dryas 
should be different along the environmental gradients, as 
the overlap between the flowering peak of plants and the 
flight season of pollinators varies. Indeed, I found Silene 
flowers at higher elevations to open earlier in relation to 
the timing of Dryas flowering. In conclusion, the 
functioning of pollination networks is likely challenged by 
changes in competitive environment, as a result of 
different phenological responses of plant and pollinator 
species to climate warming. 
The pollen limitation and competition for pollination 
observed at Zackenberg might actually be due to recent 
climate change, and may have emerged quite recently in 
the ecosystem: Over the past two decades, the abundance 
of the most important pollinators (muscid flies) have 
declined by 80% (Loboda et al., 2017), and at the same 
time pollinators and flowers seem to be drifting apart in 
terms of phenology (Schmidt et al., 2016). Thus, some 
decades ago, flowers may have faced a more abundant 
and efficient pollinator community. Overall, the roles of 
pollinators and plants are not fixed in the communities, 
but are altered by the loss of other species (e.g. Dunne, 
Williams and Martinez, 2002; Kaiser-Bunbury et al., 2010; 
Brosi and Briggs, 2013; Cirtwill et al., 2018): the species 
adjust their interactions according to the available 
partners and their abundances, and the resources thus 
freed up may to some extent be used by other species. 
The fly species that I found to be particularly important at 
Zackenberg (Spilogona sanctipauli) is one of the few 
species which has not declined (Loboda et al., 2017). Thus, 
its importance for pollination may have been accentuated 
with the decline of other flies. 
Arctic communities have been spared from some of the 
environmental challenges of lower latitudes (e.g. 
intensification of land use, fragmentation of habitats or 
pesticides). Across most parts of the Arctic, the level of 
human activity is low and direct impacts (e.g. changes in 
land-use) are not necessarily threatening the ecosystems. 
On the other hand, the effects of climate warming are 
having an increasing impact in the area (e.g. Sturm et al., 
2001; Kattsov et al., 2015; Schmidt et al., 2016). While the 
communities sampled across latitudes in Chapter II did 
not show any strong latitudinal patterns, patterns of 
phylogenetic diversity suggest that the regional species 
pools are still recovering from the last glaciation. Indeed, 
I found phylogenetic diversity to be highest near past 
glaciation refugia. Given the constantly warming climate 
in the Arctic, it is likely that this past-glaciation dispersal 
of species continues at an increasing pace, and that 
species from lower latitudes are currently expanding 
towards the north (Sturm et al., 2001; Bartomeus et al., 
2013). In my pan-arctic study (III), the diversity of flower-
visitors increased with increasing precipitation and 
temperature. This further suggests that as the 
temperatures and precipitation increase along with a 
warming climate, new species will establish towards the 
north, and the overall species richness of arctic pollination 
networks will increase.  
In general, the warming climate is making conditions less 
harsh for the species in the area, and potentially more 
suitable for a larger species pool. However, as we have 
seen at Zackenberg, such patterns may be complicated by 
interactions between tropic levels, with the phenologies 
of plants and pollinators potentially shifting out of 
synchrony (Schmidt et al., 2016). The impact of such shifts 
in phenology could potentially be ameliorated through 
evolutionary adaptation of the species present, as well as 
by the dispersal of new species of more southern affinity 
towards the north. Nonetheless, given the rapid warming 
of the Arctic in general (Kattsov et al., 2015) and especially 
of  Zackenberg (Høye et al., 2007), the species are 
probably struggling with the very rapidness of change. In 
addition, for Greenland as an island, the dispersal of new 
species is greatly limited by the surrounding areas of sea 
and ice.  
While the pollinator communities have already declined 
both in the Arctic (Loboda et al., 2017) and at lower 
latitudes (e.g. Biesmeijer et al., 2006; Hallmann et al., 
2017), communities of flowering plants are yet to respond 
strongly to this. It is true that the arctic vegetation has 
already changed because of the effects of climate 
warming on environmental conditions (e.g. Sturm et al., 
2001; Myers-Smith et al., 2011). However, changes in 
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flowering plant communities due to loss of pollinators are 
likely slow. For instance, many arctic plants are extremely 
long-lived. Even small scrubs such as Dryas can reach the 
age of a century (Kevan, 1972) and may retain a viable 
seed bank for at least decades (Cooper et al., 2004). Thus, 
changes in the plant communities are lagging behind the 
quick responses of pollinators (Morris et al., 2008). On the 
other hand, in an arctic-alpine site in Sweden, the diversity 
of pollinators has actually increased with an increase in 
habitat availability created by retreating glaciers (Franzén 
and Öckinger, 2012). However, this kind of effects were 
considered short-lived, as the arctic-alpine vegetation is 
replaced by species of warmer environments (Franzén and 
Öckinger, 2012). 
In summary then, the response of flower-visiting 
communities to environmental change are generally fast 
given their rapid life-cycles. Plant communities are 
affected by both the environmental change and by 
changes in pollinator communities, but their responses 
are generally slower given their longer life-cycles and the 
existing seed-bank. As environments are changing world-
wide causing rapid loss of biodiversity, a general decline 
of pollinators will likely impact pollination services 
(Cardinale et al., 2012). In the context of crop production, 
these declines will likely cause losses, given that managed 
honey bees alone cannot mediate optimal yield (Goodwin, 
Cox and Taylor, 2011; Rucker and Thurman, 2012; 
Garibaldi et al., 2013; Blitzer et al., 2016). Competition for 
pollinators is likely to increase, with pronounced effects 
on wild plant species flowering at same time as mass-
flowering crop plants are especially vulnerable. 
4. CONCLUSIONS 
In this thesis, I have identified Dryas as a key plant in the 
regional pollination networks, and as a key node tying 
together the whole Arctic ecosystem. I found arctic 
pollination networks to be surprisingly diverse, and I 
discovered that a large majority of the local insects were 
flower visitors. Despite large taxonomic diversity among 
flower visitors, I discovered that Arctic pollination 
networks were dominated by a few species only. At 
Zackenberg, most of the local insect species were 
attracted to Dryas, and thus Dryas accounted for 
practically all the insect-flower-visits and dominated the 
pollen loads on pollinators. However, only a single family 
and species significantly contributed to the seed set of 
Dryas at this most intensely-studied site. This supports the 
key inference that the sampling hypothesis is the main 
driver of a relationship between biodiversity and 
ecosystem functioning in pollination networks (Loreau et 
al., 2001; Tilman et al., 2001; Tilman, Isbell and Cowles, 
2014). 
In my work, I also detected strong competition for 
mutualistic partners among species on the same trophic 
level, i.e. plants competing for pollinators. The seasonal 
patterns observed in the strength of competition offer a 
new perspective on evaluating the effects of highly 
dominant flowering species in pollination networks. In the 
Arctic systems, the high abundance of Dryas determines 
the level of pollinator services available to other species 
and causes intra- and interspecific competition. 
Importantly, my results may partly reflect changes already 
occurring in the system. With an 80% decline in the 
abundance of the most important pollinators (muscid 
flies; Loboda et al., 2017), and a concomitant phenological 
rift developing between pollinators and flowers (Schmidt 
et al., 2016), the flowers of today may be facing a much 
less abundant and efficient pollinator community than the 
flowers of the 1990s. To what extent my results would 
have differed if I had conducted my study 30 years ago is 
an interesting but mostly unsolvable question. If the 
decline of pollinators continues (Loboda et al., 2017) and 
the phenological mismatch increases (Schmidt et al., 
2016), it is likely that the competition patterns observed 
here become even more evident, which might result in 
poor pollination, seed set, and eventually in the decline of 
plant populations. Notably, similar patterns related to 
dominance and competition are likely found also in other 
ecosystems dominated by few species, e.g. in agricultural 
landscapes dominated by monocultures of crop plants 
and honey bees. As the climate warms, and as other 
environmental changes and the decline of pollinators 
continue, the survival of plant species may be challenged 
both in the Arctic and at lower latitudes. 
Overall, my thesis work identifies an urgent need for 
research at two spatial scales: in the rapidly changing 
arctic environment, and in other pollination networks 
dominated by a few species.  
At Zackenberg, causation of the recent decline of muscid 
flies to climate warming (or some other environmental 
change) versus to a phenological mismatch between 
plants and pollinators (Schmidt et al., 2016) might be 
clarified by examining whether the decline has been 
stronger in particular fly species (e.g. the ones showing 
the largest mismatch with flowering). Added insights into 
the effects of Dryas on the other flowering species could 
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be gained by experiments manipulating Dryas densities 
and observing the structure of the pollination network 
and its functioning. As Dryas dominates the pollination 
network and causes pollinator limitation on plant 
community, the other flowering species are forced to 
adapt to avoid the flowering peak of Dryas. My thesis 
shows a phenological shift in the timing of Dryas and 
Silene along an elevational gradient, but it would be 
interesting to know how different densities of Dryas 
flowers impact the phenologies of other flowering 
species. Again, experimental manipulations of the 
densities of Dryas flowers, while recoding the 
performance of other flowering species, would give 
further insights into the effects of Dryas on the 
surrounding ecosystem. 
In terms of agricultural landscapes, where pollination 
networks are dominated by a few species – just like they 
are in the networks that I have been studying in the Arctic 
– my findings should inspire the quest for imprints of two 
types: First, one should look for impacts akin to those 
detected for Dryas. Thus, one might determine what level 
of pollinators is needed for optimal pollination, so that 
intraspecific competition does not hamper crop yield. 
Second, one might address phenological effects of crop 
flowering. For instance, the global decline of pollinators 
may be stronger in species active during the flowering of 
crop plants (or the opposite, as they evade some of the 
pesticides). Meanwhile, in the wild plant community, 
species and individuals which are flowering during the 
peak of crop flowering are likely to be at a disadvantage 
compared to the ones flowering either earlier or later, 
thereby avoiding competition for pollination. Thus, a 
versatile exposure of the consequences of interspecific 
phenological differences may be essential to understand 
species extinctions of both plants and pollinators in 
multiple ecosystems. 
5. ACKNOWLEDGEMENTS 
Many people have helped and accompanied me during my 
doctoral studies. First of all, I want to thank my supervisor, 
Tomas, for excellent support and mentoring through my 
studies and thesis work. You have been the greatest help 
in finding the most interesting study questions, reasoning 
and planning the study designs, offering ways to search 
funding and perform the wacky field trips, extracting the 
essentials from the data sets and writing the manuscripts. 
You have always been easy to reach and the response 
times in urgent issues have been counted in seconds (even 
during your personal holidays). I am hoping that this 
collaboration continues also in the future. In addition, I 
want to remind you for still owing me 10€ from me 
crossing a snow bridge in Zackenberg, a bottle of wine 
from participating the annual ARKTIKO -meeting and an 
exclusive bottle of cognac from finishing this thesis before 
the end of the year 2018. 
Special thanks to fellow PhD students Tuomas and Janne, 
who bravely accompanied me under the reign of Tomas. 
It has been a pleasure to get to know you in daily PhD -life 
and share experiences and thoughts on science, as well as, 
on personal life during the years. I want also thank all the 
current and past SFEG members for supporting me and 
generating the inspiring working atmosphere: Thank you 
Nerea, Laura, Bernhard, Jesper, Tea, Hanna, Eero, Heidi 
and Helena for great company while working in SFEG. Also 
thank to the SFEG’s Uppsala team for keeping Tomas busy 
while we here in Helsinki could not. Extra-special thanks 
for Bess, Juhis and Isse who, in fact, kept ALL the things 
running within the group. Without you I (or anyone else) 
would not been able to do a thing!  
I want also thank Tiffany Knight and Erik Öckinger for 
preliminary examining this thesis and giving valuable 
comments on its contents. Great thank to Ignasi “Nacho” 
Bartomeus for agreeing to be my opponent and Veijo 
Kaitala for being the custos in the public dissertation. I am 
also grateful for my thesis committee: Otso, Hannu, and 
Marko who helped Tomas to keep me on track. 
I am owing many thanks to the people I have met during 
my journeys. Thanks especially to all the researchers and 
personnel I have met in Zackenberg research station for 
keeping me well-fed and in a good mood during the long 
days of field work. I want also thank all the co-authors of 
the articles of my thesis. Many thanks to the many fellow 
LUOVA and YEB students for the company on the common 
journey we had. In addition, thanks for the supporting 
people of LUOVA graduate school: Anni, Mia, and 
especially Karen, who helped me to navigate through the 
new degree structure and the various issues I faced. 
I want also all the friends and family in and outside the 
academia for the shared lunch and coffee breaks, dinners, 
beers, ice creams, fishing and hiking trips, insect nettings, 
mushroom pickings, early mornings in the bird watching 
towers, university courses, symposiums and seminars, 
sauna evenings, game nights, barbeques, after works and 
parties. 
Kiitos äiti ja isä, että olette olleet tarvittaessa tukemassa, 
ja kotiin on aina voinut tulla käymän. 
23
6. REFERENCES 
Abbott, R., Smith, L., Milne, R. I., Crawford, R. M. M., Wolff, K. and 
Balfour, J. (2000) ‘Molecular analysis of plant migration and refugia in 
the Arctic’, Science, 289, pp. 1343–1346. doi: 
10.1126/science.289.5483.1343. 
Addo-Bediako, A., Chown, S. L. and Gaston, K. J. (2002) ‘Metabolic cold 
adaptation in insects: a large scale perspective’, Functional Ecology, 
16, pp. 332–338. 
Ashman, T.-L., Knight, T. M., Steets, J. A., Amarasekare, P., Burd, M., 
Campbell, D. R. ., Dudash, M. R., Johnston, M. O., Mazer, S. J., 
Mitchell, R. J., Morgan, M. T. and Wilson, W. G. (2004) ‘Pollen 
limitation of plant reproduction: Ecological and evolutionary causes 
and consequences’, Ecology, 85, pp. 2408–2421. doi: 10.1890/03-
8024. 
Ávila-Jiménez, M. L. and Coulson, S. J. (2011) ‘A Holarctic 
biogeographical analysis of the collembola (Arthropoda, Hexapoda) 
unravels recent post-glacial colonization patterns’, Insects, 2, pp. 
273–296. doi: 10.3390/insects2030273. 
Ballantyne, G., Baldock, K. C. R. and Willmer, P. G. (2015) ‘Constructing 
more informative plant– pollinator networks: visitation and pollen 
deposition networks in a heathland plant community’, Proceedings of 
the Royal Society B: Biological Sciences, 282, p. 20151130. doi: 
http://dx.doi.org/10.1098/rspb.2015.1130. 
Bartomeus, I., Ascher, J. S., Gibbs, J., Danforth, B. N., Wagner, D. L., 
Hedtke, S. M. and Winfree, R. (2013) ‘Historical changes in 
northeastern US bee pollinators related to shared ecological traits’, 
Proceedings of the National Academy of Sciences, 110, pp. 4656–
4660. doi: 10.1073/pnas.1218503110. 
Bartomeus, I., Cariveau, D. P., Harrison, T. and Winfree, R. (2018) ‘On 
the inconsistency of pollinator species traits for predicting either 
response to land-use change or functional contribution’, Oikos, 127, 
pp. 306–315. doi: 10.1111/oik.04507. 
Bartomeus, I., Vilà, M. and Santamaría, L. (2008) ‘Contrasting effects of 
invasive plants in plant-pollinator networks’, Oecologia, 155, pp. 
761–770. doi: 10.1007/s00442-007-0946-1. 
Bay, C. (1998) Vegetation mapping of Zackenberg valley in Northeast 
Greenland. Danish Polar Center and Botanical Museum, University of 
Copenhagen. Copenhagen. Denmark. 
Biesmeijer, J. C., Roberts, S. P. M., Reemer, M., Ohlemuller, R., Edwards, 
M., Peeters, T., Schaffers, A. P., Potts, S. G., Kleukers, R., Thomas, C. 
D., Settele, J. and Kunin, W. E. (2006) ‘Parallel Declines in Pollinators 
and Plants in Britain and the Netherlands’, Science, 313. 
Bliss. L and Bliss, L. C. (1962) ‘Adaptations of arctic and alpine plants to 
environmental conditions’, Arctic, 15, pp. 117–144. doi: 
10.1002/jsfa.4509. 
Blitzer, E. J., Gibbs, J., Park, M. G. and Danforth, B. N. (2016) ‘Pollination 
services for apple are dependent on diverse wild bee communities’, 
Agriculture, Ecosystems & Environment. Elsevier B.V., 221, pp. 1–7. 
doi: 10.1016/j.agee.2016.01.004. 
Blüthgen, N. and Klein, A. (2011) ‘Functional complementarity and 
specialisation: the role of biodiversity in plant–pollinator 
interactions’, Basic and Applied Ecology, 12, pp. 282–291. Available 
at: 
http://www.sciencedirect.com/science/article/pii/S14391791100013
50 (Accessed: 10 January 2017). 
Blüthgen, N., Menzel, F., Hovestadt, T., Fiala, B. and Blu, N. (2007) 
‘Specialization, constraints, and conflicting interests in mutualistic 
networks’, Current Biology, 17, pp. 341–346. doi: 
10.1016/j.cub.2006.12.039. 
Bommarco, R., Biesmeijer, J. C., Meyer, B., Potts, S. G., Poyry, J., 
Roberts, S. P. M., Steffan-Dewenter, I. and Ockinger, E. (2010) 
‘Dispersal capacity and diet breadth modify the response of wild bees 
to habitat loss’, Proceedings of the Royal Society B: Biological 
Sciences, 277, pp. 2075–2082. doi: 10.1098/rspb.2009.2221. 
Brittain, C., Kremen, C. and Klein, A. M. (2013) ‘Biodiversity buffers 
pollination from changes in environmental conditions’, Global 
Change Biology, 19, pp. 540–547. doi: 10.1111/gcb.12043. 
Bromenshenk, J., Henderson, C. and Wick, C. (2010) ‘Iridovirus and 
microsporidian linked to honey bee colony decline’, PloS one, 5, p. 
e13181. 
Brosi, B. J. and Briggs, H. M. (2013) ‘Single pollinator species losses 
reduce floral fidelity and plant reproductive function’, Proceedings of 
the National Academy of Sciences, 110, pp. 13044–13048. doi: 
10.1073/pnas.1307438110. 
Brown, B. J., Mitchell, R. J. and Graham, S. A. (2002) ‘Competition for 
Pollination between an Invasive Species ( Purple Loosestrife ) and a 
Native Congener’, Ecology, 83, pp. 2328–2336. 
Burkle, L. A. and Alarcón, R. (2011) ‘The future of plant-pollinator 
diversity: understanding interaction networks across time, space, and 
global change.’, American journal of botany, 98, pp. 528–38. doi: 
10.3732/ajb.1000391. 
Burkle, L. A., Marlin, J. C. and Knight, T. M. (2013) ‘Plant-Pollinator 
Interactions over 120 Years: Loss of Species, Co-Occurence, and 
Function’, Science (New York, N.Y.), 339, pp. 1611–1616. 
Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C., 
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. a, Kinzig, 
A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, A., Srivastava, 
D. S. and Naeem, S. (2012) ‘Biodiversity loss and its impact on 
humanity.’, Nature, 486, pp. 59–67. doi: 10.1038/nature11148. 
Cardinale, B. J., Palmer, M. A. and Collins, S. L. (2002) ‘Species diversity 
enhances ecosystem functioning through interspecies facilitation.’, 
Nature, 415, pp. 426–429. 
Carvalheiro, L. G., Kunin, W. E., Keil, P., Aguirre-Gutiérrez, J., Ellis, W. N., 
Fox, R., Groom, Q., Hennekens, S., Van Landuyt, W., Maes, D., Van de 
Meutter, F., Michez, D., Rasmont, P., Ode, B., Potts, S. G., Reemer, 
M., Roberts, S. P. M., Schaminée, J., Wallisdevries, M. F. and 
Biesmeijer, J. C. (2013) ‘Species richness declines and biotic 
homogenisation have slowed down for NW-European pollinators and 
plants’, Ecology Letters, 16, pp. 870–878. doi: 10.1111/ele.12121. 
Cirtwill, A. R., Roslin, T., Rasmussen, C., Olesen, J. M. and Stouffer, D. B. 
(2018) ‘Between-year changes in community composition shape 
species’ roles in an Arctic plant-pollinator network’, Oikos, pp. 1–14. 
doi: 10.1111/oik.05074. 
Clavero, M. and García-Berthou, E. (2005) ‘Invasive species are a 
leading cause of animal extinctions’, Trends in Ecology and Evolution, 
20(3), p. 110. doi: 10.1016/j.tree.2005.01.003. 
Cook, J. A., Hoberg, E. P., Koehler, A., Henttonen, H., Wickström, L., 
Haukisalmi, V., Galbreath, K., Chernyavski, F., Dokuchaev, N., 
Macdonald, S. O., Hope, A., Waltari, E., Runck, A., Popko, R., Jenkins, 
E., Kutz, S. and Eckerlin, R. (2005) ‘Beringia: Intercontinental 
exchange and diversification of high latitude mammals and their 
parasites during the Pliocene and Quaternary’, Mammal Study, 44, 
pp. 33–44. 
Cooper, E. J., Alsos, I. G., Hagen, D., Smith, F. M., Coulson, S. J., 
Hodkinson, I. D., Elisabeth, J., Inger, G., Fiona, M., Stephen, J. and Ian, 
D. (2004) ‘Plant recruitment in the High Arctic : Seed bank and 
seedling emergence on Svalbard Plant recruitment in the High Arctic : 
Seed bank and seedling emergence on Svalbard’, Journal of 
Vegetation Science, 15, pp. 115–124. 
Coux, C., Rader, R., Bartomeus, I., Tylianakis, J. M. and Mouillot, D. 
(2016) ‘Linking species functional roles to their network roles’, 
Ecology Letters, 19, pp. 762–770. doi: 10.1111/ele.12612. 
Cox-Foster, D., Conlan, S. and Holmes, E. (2007) ‘A metagenomic survey 
of microbes in honey bee colony collapse disorder’, Science (New 
York, N.Y.), 318, pp. 283–287. 
Dietrich, L. and Körner, C. (2014) ‘Thermal imaging reveals massive heat 
accumulation in flowers across a broad spectrum of alpine taxa’, 
Alpine Botany, 124, pp. 27–35. doi: 10.1007/s00035-014-0123-1. 
Dunne, J., Williams, R. and Martinez, N. (2002) ‘Network structure and 
biodiversity loss in food webs: robustness increases with 
connectance’, Ecology letters. doi: 10.1046/j.1461-
0248.2002.00354.x. 
Eidesen, P. B., Ehrich, D., Bakkestuen, V., Alsos, I. G., Gilg, O., Taberlet, 
P. and Brochmann, C. (2013) ‘Genetic roadmap of the Arctic: Plant 
dispersal highways, traffic barriers and capitals of diversity’, New 
Phytologist, 200, pp. 898–910. doi: 10.1111/nph.12412. 
Elberling, H. and Olesen, J. (1999) ‘The structure of a high latitude 
plant-flower visitor system: the dominance of flies’, Ecography, 22, 
pp. 314–323. 
Elmendorf, S. C., Hollister, R. D., Henry, G. H. R., Fosaa, A. M., Gould, W. 
A., Hermanutz, L., Hofgaard, A., Jónsdóttir, I. S., Jorgenson, J. C., 
Lévesque, E., Magnusson, B., Molau, U., Myers-smith, I. H., 
24
Oberbauer, S. F., Rixen, C., Tweedie, C. E. and Walker, M. D. (2015) 
‘Experiment, monitoring, and gradient methods used to infer climate 
change effects on plant communities yield consistent patterns’, 
Proceedings of the National Academy of Sciences, 112, pp. 448–452. 
doi: 10.1073/pnas.1511529112. 
Evans, D. M., Pocock, M. J. O. and Memmott, J. (2013) ‘The robustness 
of a network of ecological networks to habitat loss.’, Ecology letters, 
16, pp. 844–52. doi: 10.1111/ele.12117. 
Faeth, S. H. (1986) ‘Indirect Interactions Between Temporally Separated 
Herbivores Mediated by the Host Plant’, Ecology, 67, pp. 479–494. 
Fontaine, C., Dajoz, I., Meriguet, J. and Loreau, M. (2005) ‘Functional 
diversity of plant–pollinator interaction webs enhances the 
persistence of plant communities’, PLoS Biol. Available at: 
http://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.
0040001. 
Fontaine, C., Guimarães, P. R., Kéfi, S., Loeuille, N., Memmott, J., van 
der Putten, W. H., van Veen, F. J. F. and Thébault, E. (2011) ‘The 
ecological and evolutionary implications of merging different types of 
networks.’, Ecology letters, 14, pp. 1170–81. doi: 10.1111/j.1461-
0248.2011.01688.x. 
Fortuna, M. a and Bascompte, J. (2006) ‘Habitat loss and the structure 
of plant-animal mutualistic networks.’, Ecology letters, 9, pp. 281–6. 
doi: 10.1111/j.1461-0248.2005.00868.x. 
Franzén, M. and Öckinger, E. (2012) ‘Climate-driven changes in 
pollinator assemblages during the last 60 years in an Arctic mountain 
region in Northern Scandinavia’, Journal of Insect Conservation, 16, 
pp. 227–238. doi: 10.1007/s10841-011-9410-y. 
Gallai, N., Salles, J.-M., Settele, J. and Vaissière, B. E. (2009) ‘Economic 
valuation of the vulnerability of world agriculture confronted with 
pollinator decline’, Ecological economics, 68, pp. 810–821. 
Garibaldi, L. A., Steffan-dewenter, I., Winfree, R., Aizen, M. A., 
Bommarco, R., Cunningham, S. A., Kremen, C. and Carvalheiro, L. G. 
(2013) ‘Wild Pollinators Enhance Fruit Set of Crops Regardless of 
Honey Bee Abundance’, Science (New York, N.Y.), 339, pp. 1608–
1611. doi: 10.1126/science.1230200. 
Gillespie, M. A. K., Baggesen, N. and Cooper, E. J. (2016) ‘High Arctic 
flowering phenology and plant–pollinator interactions in response to 
delayed snow melt and simulated warming’, Environmental Research 
Letters. IOP Publishing, 11, p. 115006. doi: 10.1088/1748-
9326/11/11/115006. 
González-Varo, J. P., Biesmeijer, J. C., Bommarco, R., Potts, S. G., 
Schweiger, O., Smith, H. G., Steffan-Dewenter, I., Szentgyörgyi, H., 
Woyciechowski, M. and Vilà, M. (2013) ‘Combined effects of global 
change pressures on animal-mediated pollination’, Trends in Ecology 
and Evolution, 28, pp. 524–530. doi: 10.1016/j.tree.2013.05.008. 
Goodwin, R., Cox, H. and Taylor, M. (2011) ‘Number of honey bee visits 
required to fully pollinate white clover (Trifolium repens) seed crops 
in Canterbury, New Zealand’, New Zealand Journal of Crop and 
Horticultural Science, 39, pp. 7–19. Available at: 
http://www.tandfonline.com/doi/abs/10.1080/01140671.2010.5201
64 (Accessed: 9 January 2017). 
Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, 
H., Stenmans, W., Müller, A., Sumser, H., Hörren, T., Goulson, D. and 
De Kroon, H. (2017) ‘More than 75 percent decline over 27 years in 
total flying insect biomass in protected areas’, PLoS ONE, 12. doi: 
10.1371/journal.pone.0185809. 
Hebert, P. D. N., Cywinska, A., Ball, S. L. and DeWaard, J. R. (2003) 
‘Biological identifications through DNA barcodes.’, Proceedings of the 
Royal Society B, 270(1512), pp. 313–321. doi: 
10.1098/rspb.2002.2218. 
Hegland, S. J., Nielsen, A., Lázaro, A., Bjerknes, A.-L. and Totland, Ø. 
(2009) ‘How does climate warming affect plant-pollinator 
interactions?’, Ecology letters, 12, pp. 184–195. doi: 10.1111/j.1461-
0248.2008.01269.x. 
Heywood, V. H. (ed.) (1992) Global Biodiversity Assesment. Cambridge, 
UK: Cambridge University Press. 
Hirao, A. S., Kameyama, Y., Ohara, M., Isagi, Y. and Kudo, G. (2006) 
‘Seasonal changes in pollinator activity influence pollen dispersal and 
seed production of the alpine shrub Rhododendron aureum 
(Ericaceae)’, Molecular Ecology, 15, pp. 1165–1173. doi: 
10.1111/j.1365-294X.2006.02853.x. 
Hocking, B. (1968) ‘Insect-flower associations in the High Artic with 
special reference to nectar’. 
Hodkinson, I. D. and Coulson, S. J. (2004) ‘Are High Arctic Terrestrial 
Food Chains Really That Simple?: The Bear Island Food Web 
Revisited’, Oikos, 106, pp. 427–431. 
Hodkinson, I. D., Coulson, S. and Webb, N. (1996) ‘Temperature and the 
biomass of flying midges (Diptera: Chironomidae) in the high Arctic’, 
Oikos, 75, pp. 241–248. doi: 10.2307/3546247. 
Hodkinson, I. D., Webb, N. R., Bale, J. S., Block, W., Coulson, S. J. and 
Strathdee,  a T. (1998) ‘Global change and Arctic ecosystems: 
Conclusions and predictions from experiments with terrestrial 
invertebrates on Spitsbergen’, Arctic and Alpine Research, 30, pp. 
306–313. doi: 10.2307/1551978. 
Hoehn, P., Tscharntke, T., Tylianakis, J. M. and Steffan-Dewenter, I. 
(2008) ‘Functional group diversity of bee pollinators increases crop 
yield’, Proceedings of the Royal Society B, 275, pp. 2283–2291. doi: 
10.1098/rspb.2008.0405. 
Hoiss, B., Krauss, J. and Steffan-Dewenter, I. (2015) ‘Interactive effects 
of elevation, species richness and extreme climatic events on plant-
pollinator networks’, Global Change Biology, 21, pp. 4086–4097. doi: 
10.1111/gcb.12968. 
Holt, R. D. (1977) ‘Predation, Apparent Competition, and the Structure 
of Prey Communities’, Theoretical Population Biology, 12, pp. 197–
229. 
Hooper, D. U., Chapin, F. S. and Ewel, J. J. (2005) ‘Effects of biodiversity 
on ecosystem functioning: a consensus of current knowledge’, 
Ecological Monographs, 75, pp. 3–35. doi: 10.1890/04-0922. 
Hopkins, D. M. (1967) The Bering land bridge. Stanford, CA: Stanford 
Univ. Press. 
Høye, T. T., Ellebjerg, S. M. and Philipp, M. (2007) ‘The impact of 
climate on flowering in the High Arctic - The case of Dryas in a hybrid 
zone’, Arctic Antarctic and Alpine Research, 39, pp. 412–421. doi: 
10.1657/1523-0430(06-018). 
Høye, T. T. and Forchhammer, M. C. (2008) ‘The influence of weather 
conditions on the activity of high-arctic arthropods inferred from 
long-term observations.’, BMC ecology, 8, p. 8. doi: 10.1186/1472-
6785-8-8. 
Høye, T. T., Post, E., Meltofte, H., Schmidt, N. M. and Forchhammer, M. 
C. (2007) ‘Rapid advancement of spring in the High Arctic.’, Current 
biology : CB, 17, pp. R449-51. doi: 10.1016/j.cub.2007.04.047. 
Høye, T. T., Post, E., Schmidt, N. M., Trøjelsgaard, K. and Forchhammer, 
M. C. (2013) ‘Shorter flowering seasons and declining abundance of 
flower visitors in a warmer Arctic’, Nature Climate Change, 3, pp. 
759–763. doi: 10.1038/nclimate1909. 
Hultén, E. (1937) Outline of the history of arctic and boreal biota during 
the Quarternary period: their evolution during and after the glacial 
period as indicated by the equiformal progressive areas of present 
plant species. Stockholm, Sweden: Thule. 
Isbell, F., Calcagno, V., Hector, A., Connolly, J., Harpole, W. S., Reich, P. 
B., Scherer-Lorenzen, M., Schmid, B., Tilman, D., Van Ruijven, J., 
Weigelt, A., Wilsey, B. J., Zavaleta, E. S. and Loreau, M. (2011) ‘High 
plant diversity is needed to maintain ecosystem services’, Nature. 
Nature Publishing Group, 477, pp. 199–202. doi: 
10.1038/nature10282. 
Kaiser-Bunbury, C. N., Muff, S., Memmott, J., Müller, C. B. and Caflisch, 
A. (2010) ‘The robustness of pollination networks to the loss of 
species and interactions: a quantitative approach incorporating 
pollinator behaviour.’, Ecology letters, 13, pp. 442–52. doi: 
10.1111/j.1461-0248.2009.01437.x. 
Kankaanpää, T., Abrego, N., Skov, K., Lund, M., Schmidt, N. M. and 
Roslin, T. (2018) ‘Spatiotemporal snowmelt patterns within High 
Arctic landscape - with implications for flora and fauna’, Arctic, 
Antarctic, and Alpine Research, 50, p. e1415624. doi: 
https://doi.org/10.1080/15230430.2017.1415624. 
Kattsov, V. M., Källén, E., Cattle, H., Christensen, J., Drange, H., 
Hanssen-Bauer, I. Jóhannesen, T., Karol, I., Räisänen, J., Svensson, G. 
and Al., E. (2015) ‘Future climate change: modeling and scenarios for 
the Arctic’, in ACIA, 2005. Arctic Climate Impact Assessment. 
Cambridge: Cambridge University Press, pp. 99–150. 
Kearns, A. C. (1992) ‘Anthophilous fly distribution across an elevation 
gradient’, American Midland Naturalist, 127, pp. 172–182. 
25
Kevan, P. G. (1972) ‘Insect pollination of High Arctic flowers’, Journal of 
Ecology, 60, pp. 831–847. 
Kevan, P. G. and Baker, H. G. (1983) ‘Insects as Flower Visitors and 
Pollinators’, Annual Review of Entomology, 28, pp. 407–453. doi: 
10.1146/annurev.en.28.010183.002203. 
King, C., Ballantyne, G. and Willmer, P. G. (2013) ‘Why flower visitation 
is a poor proxy for pollination: Measuring single-visit pollen 
deposition, with implications for pollination networks and 
conservation’, Methods in Ecology and Evolution, 4, pp. 811–818. doi: 
10.1111/2041-210X.12074. 
Kleijn, D., Winfree, R., Bartomeus, I., Carvalheiro, L. G., Henry, M., 
Isaacs, R., Klein, A.-M., Kremen, C., M’Gonigle, L. K., Rader, R., 
Ricketts, T. H., Williams, N. M., Lee Adamson, N., Ascher, J. S., Báldi, 
A., Batáry, P., Benjamin, F., Biesmeijer, J. C., Blitzer, E. J., Bommarco, 
R., Brand, M. R., Bretagnolle, V., Button, L., Cariveau, D. P., Chifflet, 
R., Colville, J. F., Danforth, B. N., Elle, E., Garratt, M. P. D., Herzog, F., 
Holzschuh, A., Howlett, B. G., Jauker, F., Jha, S., Knop, E., Krewenka, 
K. M., Le Féon, V., Mandelik, Y., May, E. A., Park, M. G., Pisanty, G., 
Reemer, M., Riedinger, V., Rollin, O., Rundlöf, M., Sardiñas, H. S., 
Scheper, J., Sciligo, A. R., Smith, H. G., Steffan-Dewenter, I., Thorp, R., 
Tscharntke, T., Verhulst, J., Viana, B. F., Vaissière, B. E., Veldtman, R., 
Westphal, C. and Potts, S. G. (2015) ‘Delivery of crop pollination 
services is an insufficient argument for wild pollinator conservation’, 
Nature Communications, 6, p. 7414. doi: 10.1038/ncomms8414. 
Klein, A.-M., Hendrix, S. D., Clough, Y., Scofield, A. and Kremen, C. 
(2015) ‘Interacting effects of pollination, water and nutrients on fruit 
tree performance’, Plant Biology, 17, pp. 201–208. doi: 
10.1111/plb.12180. 
Klein, A.-M., Vaissière, B. E., Cane, J. H., Steffan-Dewenter, I., 
Cunningham, S. a, Kremen, C. and Tscharntke, T. (2007) ‘Importance 
of pollinators in changing landscapes for world crops’, Proceedings of 
the Royal Society B, 274, pp. 303–313. doi: 10.1098/rspb.2006.3721. 
Kraft, N. J. B., Comita, L. S., Chase, J. M., Sanders, N. J., Swenson, N. G., 
Crist, T. O., Stegen, J. C., Vellend, M., Boyle, B., Anderson, M. J., 
Cornell, H. V., Davies, K. F., Freestone, A. L., Inouye, B. D., Harrison, S. 
P. and Myers, J. A. (2012) ‘Disentangling the drivers of b diversity 
along latitudinal and elevational gradients’, Science, 333, pp. 1755–
1759. 
Kuussaari, M., Bommarco, R., Heikkinen, R. K., Helm, A., Krauss, J., 
Lindborg, R., Öckinger, E., Pärtel, M., Pino, J., Rodà, F., Stefanescu, C., 
Teder, T., Zobel, M. and Steffan-Dewenter, I. (2009) ‘Extinction debt: 
a challenge for biodiversity conservation’, Trends in Ecology and 
Evolution, 24, pp. 564–571. doi: 10.1016/j.tree.2009.04.011. 
Loboda, S., Savage, J., Buddle, C. M., Schmidt, N. M. and Høye, T. T. 
(2017) ‘Declining diversity and abundance of High Arctic fly 
assemblages over two decades of rapid climate warming’, Ecography, 
40, pp. 1–12. doi: 10.1111/ecog.02747. 
Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, 
A., Hooper, D. U., Huston, M. a, Raffaelli, D., Schmid, B., Tilman, D. 
and Wardle, D. a (2001) ‘Biodiversity and ecosystem functioning: 
current knowledge and future challenges’, Science, 294, pp. 804–808. 
doi: 10.1126/science.1064088. 
Lundgren, R. and Olesen, J. M. (2005) ‘The dense and highly connected 
world of Greenland’s plants and their pollinators’, Arctic, Antarctic, 
and Alpine Research, 37, pp. 514–520. doi: 10.1657/1523-
0430(2005)037[0514:TDAHCW]2.0.CO;2. 
MacArthur, R. H. (1972) Geographical ecology: Patterns in the 
distribution of species. New York: Harper & Row. 
Magrach, A., Holzschuh, A., Bartomeus, I., Riedinger, V., Roberts, S. P. 
M., Rundlöf, M., Vujić, A., Wickens, J. B., Wickens, V. J., Bommarco, 
R., González-Varo, J. P., Potts, S. G., Smith, H. G., Steffan-Dewenter, I. 
and Vilà, M. (2018) ‘Plant–pollinator networks in semi-natural 
grasslands are resistant to the loss of pollinators during blooming of 
mass-flowering crops’, Ecography, 41, pp. 62–74. doi: 
10.1111/ecog.02847. 
May, R. M. (1976) ‘Simple mathematical models with very complicated 
dynamics’, Nature, 261, pp. 459–467. 
McAlpine, J. F. (1965) ‘Insects and related terrestrial invertebrates of 
Ellef Ringnes Island’, Arctic, 18, pp. 73–103. 
Memmott, J., Waser, N. M. and Price, M. V (2004) ‘Tolerance of 
pollination networks to species extinctions’, Proceedings of the Royal 
Society of London, 271, pp. 2605–2611. doi: 10.1098/rspb.2004.2909. 
Miller-Rushing, A. J., Høye, T. T., Inouye, D. W. and Post, E. (2010) ‘The 
effects of phenological mismatches on demography.’, Philosophical 
transactions of the Royal Society of London. Series B, Biological 
sciences, 365, pp. 3177–3186. doi: 10.1098/rstb.2010.0148. 
Miller, A. E., Brosi, B. J., Magnacca, K., Daily, G. C. and Pejchar, L. (2015) 
‘Pollen Carried By Native and Nonnative Bees in the Large-scale 
Reforestation of Pastureland in Hawai’i: Implications for Pollination’, 
Pacific Science, 69, pp. 67–79. doi: 10.2984/69.1.5. 
Mizunaga, Y. and Kudo, G. (2017) ‘A linkage between flowering 
phenology and fruit-set success of alpine plant communities with 
reference to the seasonality and pollination effectiveness of bees and 
flies’, Oecologia. Springer Berlin Heidelberg, 185, pp. 453–464. doi: 
10.1007/s00442-017-3946-9. 
Montoya, J. M., Pimm, S. L. and Solé, R. V (2006) ‘Ecological networks 
and their fragility.’, Nature, 442, pp. 259–64. doi: 
10.1038/nature04927. 
Morris, W. ., Pfister, C. ., Tuljapurkar, S., Haridas, C. ., Boggs, C. ., Boyce, 
M. ., Bruna, E. M., Church, D. ., Coulson, T., Doak, D. ., Forsyth, S., 
Gaillard, J.-M., Horvitz, C. C., Kalisz, S., Kendall, B. ., Knight, T. ., Lee, C. 
. and Menges, E. . (2008) ‘Longevity can buffer plant and animal 
populations against changing climate variability’, Ecology, 89, pp. 19–
25. doi: 10.1890/07-0774.1. 
Moser, D., Dullinger, S., Mang, T., Hülber, K., Essl, F., Frank, T., Hulme, 
P. E., Grabherr, G. and Pascher, K. (2015) ‘Changes in plant life-form, 
pollination syndrome and breeding system at a regional scale 
promoted by land use intensity’, Diversity and Distributions, 21, pp. 
1319–1328. doi: 10.1111/ddi.12353. 
Motzke, I., Tscharntke, T., Wanger, T. C. and Klein, A. M. (2015) 
‘Pollination mitigates cucumber yield gaps more than pesticide and 
fertilizer use in tropical smallholder gardens’, Journal of Applied 
Ecology, 52, pp. 261–269. doi: 10.1111/1365-2664.12357. 
Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz, T., 
Blok, D., Tape, K. D., MacIas-Fauria, M., Sass-Klaassen, U., Lévesque, 
E., Boudreau, S., Ropars, P., Hermanutz, L., Trant, A., Collier, L. S., 
Weijers, S., Rozema, J., Rayback, S. A., Schmidt, N. M., Schaepman-
Strub, G., Wipf, S., Rixen, C., Ménard, C. B., Venn, S., Goetz, S., 
Andreu-Hayles, L., Elmendorf, S., Ravolainen, V., Welker, J., Grogan, 
P., Epstein, H. E. and Hik, D. S. (2011) ‘Shrub expansion in tundra 
ecosystems: Dynamics, impacts and research priorities’, 
Environmental Research Letters, 6, p. 045509. doi: 10.1088/1748-
9326/6/4/045509. 
Nielsen, P. S. and Schmidt, N. M. (2013) ‘Pollinator communities in a 
changing Arctic - Bestøversamfund i et Arktis under hastig 
forandring’, Zackenberg Ecological Research Operations, Master 
thesis, Aarhus University, p. 54. 
Olesen, J. M. and Jordano, P. (2002) ‘Georaphic patterns in plant – 
pollinator mutualistic networks’, Ecology, 83, pp. 2416–2424. 
Ollerton, J., Winfree, R. and Tarrant, S. (2011) ‘How many flowering 
plants are pollinated by animals?’, Oikos, 120, pp. 321–326. doi: 
10.1111/j.1600-0706.2010.18644.x. 
Packer, L. and Owen, R. (2001) ‘Population genetic aspects of pollinator 
decline’, Conservation Ecology, 5. 
Paillard, D. (1998) ‘The timing of Pleistocene glaciations from a simple 
multiple-state climate model’, Nature, 391, pp. 378–381. doi: 
10.1038/34891. 
De Palma, A., Kuhlmann, M., Roberts, S. P. M., Potts, S. G., Börger, L., 
Hudson, L. N., Lysenko, I., Newbold, T. and Purvis, A. (2015) 
‘Ecological traits affect the sensitivity of bees to land-use pressures in 
European agricultural landscapes’, Journal of Applied Ecology, 52, pp. 
1567–1577. doi: 10.1111/1365-2664.12524. 
Pellissier, L., Albouy, C., Bascompte, J., Farwig, N., Graham, C., Loreau, 
M., Maglianesi, M. A., Melián, C. J., Pitteloud, C., Roslin, T., Rohr, R., 
Saavedra, S., Thuiller, W., Woodward, G., Zimmermann, N. E. and 
Gravel, D. (2018) ‘Comparing species interaction networks along 
environmental gradients’, Biological Reviews, 93, pp. 785–800. doi: 
10.1111/brv.12366. 
Pettis, J. and Delaplane, K. (2010) ‘Coordinated responses to honey bee 
decline in the USA’, Apidologie, 41, pp. 256–263. Available at: 
http://www.apidologie.org/articles/apido/full_html/2010/03/m0914
0/m09140.html (Accessed: 9 January 2017). 
26
Philipp, M. and Siegismund, H. R. (2003) ‘What can morphology and 
isozymes tell us about the history of the Dryas integrifolia – 
octopetala complex?’, Molecular Ecology, 12, pp. 2231–2242. doi: 
10.1046/j.1365-294X.2003.01875.x. 
Pianka, E. R. (1966) ‘Latitudinal gradients in species diversity: A Review 
of concepts’, The American Naturalist, 100, p. 33. doi: 
10.1086/282398. 
Pont, A. C. (1993) ‘Observations on anthophilous Muscidae and other 
Diptera (Insecta) in Abisko National Park, Sweden’, Journal of Natural 
History, 27, pp. 631–643. doi: 10.1080/00222939300770361. 
Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V, 
Christensen, T. R., Elberling, B., Fox, A. D., Gilg, O., Hik, D. S., Høye, T. 
T., Ims, R. a, Jeppesen, E., Klein, D. R., Madsen, J., McGuire,  a D., 
Rysgaard, S., Schindler, D. E., Stirling, I., Tamstorf, M. P., Tyler, N. J. 
C., van der Wal, R., Welker, J., Wookey, P. a, Schmidt, N. M. and 
Aastrup, P. (2009) ‘Ecological dynamics across the Arctic associated 
with recent climate change.’, Science (New York, N.Y.), 325, pp. 1355–
1358. doi: 10.1126/science.1173113. 
Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O. 
and Kunin, W. E. (2010) ‘Global pollinator declines: Trends, impacts 
and drivers’, Trends in Ecology and Evolution, 25, pp. 345–353. doi: 
10.1016/j.tree.2010.01.007. 
Potts, S. G., Roberts, S. P. M., Dean, R., Marris, G., Brown, M. A., Jones, 
R., Neumann, P. and Settele, J. (2010) ‘Declines of managed honey 
bees and beekeepers in Europe’, Journal of Apicultural Research, 49, 
pp. 15–22. doi: 10.3896/IBRA.1.49.1.02. 
Rader, R., Batomeus, I., Garibaldi, L., Garratt, M. P. D., Howlett, B., 
Cunningham, S. A., Mayfield, M. M., Arthur, A. D., Andersson, G. K. S., 
Blanche, R., Bommarco, R., Brittain, C., Carvalheiro, L. G., Chacoff, N. 
., Entling, M. H., Foully, B., Freitas, B. M., Gemmill-Herren, B., 
Ghazoul, J., Griffin, S., Gross, C. L., Herbertsson, L., Herzog, F., 
Hipólito, J., Jaggar, S., Jauker, F., Klein, A. M., Kleijn, D., Krishnan, S., 
Queiroz Lemos, C., Lindström, S. A. M., Mandelik, Y., Magalhães 
Monteiro, V., Nelson, W., Nilsson, L., Pattemore, D., de Oliveira, N., 
Pisanty, G., Potts, S. G., Reemer, M., Rundlöf, M., Sheffield, C. S., 
Scheper, J., Schüepp, C., Taki, H., Vergara, C. H., Viana, B. F., 
Woyciechowski, M. and Winfree, R. (2016) ‘Non-bee insects are 
important contributors to global crop pollination’, Proceedings of the 
National Academy of Sciences, 113, pp. 146–151. doi: 
10.1073/pnas.1517092112. 
Rasmussen, C., Dupont, Y. L., Mosbacher, J. B., Trøjelsgaard, K. and 
Olesen, J. M. (2013) ‘Strong impact of temporal resolution on the 
structure of an ecological network.’, PloS one, 8, p. e81694. doi: 
10.1371/journal.pone.0081694. 
Ratnasingham, S. and Hebert, P. D. N. (2007) ‘BOLD: The Barcode of Life 
Data System (www.barcodinglife.org)’, Molecular Ecology Notes, 7, 
pp. 355–364. doi: 10.1111/j.1471-8286.2006.01678.x. 
Ratnasingham, S. and Hebert, P. D. N. (2013) ‘A DNA-based registry for 
all animal species: The Barcode Index Number (BIN) system’, PLoS 
ONE, 8, p. e66213. doi: 10.1371/journal.pone.0066213. 
Roslin, T., Wirta, H. K., Hopkins, T., Hardwick, B. and Várkonyi, G. (2013) 
‘Indirect Interactions in the High Arctic’, PLoS ONE, 8, p. e67367. doi: 
10.1371/Citation. 
Rucker, R. and Thurman, W. (2012) ‘Honey bee pollination markets and 
the internalization of reciprocal benefits’, American Journal of 
Agricultural Economics, 94, pp. 956–977. 
Schmidt, N. M., Mosbacher, J. B., Nielsen, P. S., Rasmussen, C., Høye, T. 
T. and Roslin, T. (2016) ‘An ecological function in crisis? - shrinking 
temporal overlap between plant flowering and pollinator function in 
a warming Arctic.’, Ecography, 39, pp. 1–3. doi: 10.1111/oik.02986. 
Scholander, P. F., Hock, R., Walters, V. and Irving, L. (1950) ‘Adaptation 
to Cold in Arctic and Tropical Mammals and Birds in Relation to Body 
Temperature , Insulation , and Basal Metabolic Rate’, Biological 
Bulletin, 99, pp. 259–271. 
Sigsgaard, C., Rasmussen, L., Cappelen, J., Hinkler, J., Mernild, S. H., 
Petersen, D., Tamstorf, M. P., Rasch, M. and Hosholt, B. (2008) 
‘Present-day climate at Zackenberg (High Arctic ecosystem dynamics 
in a changing climate: Ten years of monitoring and research at 
Zackenberg research station, Northeast Greenland)’, Advances in 
Ecological Research, 40, pp. 111–149. 
Simmons, B. I., Cirtwill, A. R., Baker, N. J., Dicks, L. V, Daniel, B., 
Sutherland, W. J., Group, C. S., David, T., Building, A., Street, P., 
Zealand, N. and Sciences, B. (2018) ‘Uncovering indirect interactions 
in bipartite ecological networks’, pp. 1–18. doi: 10.1101/315010. 
Slade, E. M., Mann, D. J., Villanueva, J. F. and Lewis, O. T. (2007) 
‘Experimental evidence for the effects of dung beetle functional 
group richness and composition on ecosystem function in a tropical 
forest’, Journal of Animal Ecology, 76, pp. 1094–1104. doi: 
10.1111/j.1365-2656.2007.01296.x. 
Stavert, J. R., Pattemore, D. E., Bartomeus, I., Gaskett, A. C. and Beggs, 
J. R. (2018) ‘Exotic flies maintain pollination services as native 
pollinators decline with agricultural expansion’, Journal of Applied 
Ecology, pp. 1–10. doi: 10.1111/1365-2664.13103. 
Stewart, L., Alsos, I. G., Bay, C., Breen, A. L., Brochmann, C., Boulanger-
Lapointe, N., Broennimann, O., Bültmann, H., Bøcher, P. K., 
Damgaard, C., Daniëls, F. J. A., Ehrich, D., Eidesen, P. B., Guisan, A., 
Jónsdóttir, I. S., Lenoir, J., le Roux, P. C., Lévesque, E., Luoto, M., 
Nabe-Nielsen, J., Schönswetter, P., Tribsch, A., Tveraabak, L. U., 
Virtanen, R., Walker, D. A., Westergaard, K. B., Yoccoz, N. G., 
Svenning, J. C., Wisz, M., Schmidt, N. M. and Pellissier, L. (2016) ‘The 
regional species richness and genetic diversity of Arctic vegetation 
reflect both past glaciations and current climate’, Global Ecology and 
Biogeography, 25, pp. 430–442. doi: 10.1111/geb.12424. 
Sturm, M., Racine, C., Tape, K., Cronin, T. W., Caldwell, R. L. and 
Marshall, J. (2001) ‘Increasing shrub abundances in the Arctic’, 
Nature, 411, pp. 2001–2002. 
Tedesco, M., Fettweis, X., van den Broeke, M. R., van de Wal, R. S. W., 
Smeets, C. J. P. P., van de Berg, W. J., Serreze, M. C. and Box, J. E. 
(2011) ‘Record Summer Melt in Greenland in 2010’, Eos, Transactions 
American Geophysical Union, 92, p. 126. doi: 
10.1029/2011EO150002. 
Thébault, E. and Fontaine, C. (2010) ‘Stability of ecological communities 
and the architecture of mutualistic and trophic networks.’, Science 
(New York, N.Y.), 329, pp. 853–856. doi: 10.1126/science.1188321. 
Thomas, C. D., Thomas, C. D., Cameron, A., Cameron, A., Green, R. E., 
Green, R. E., Bakkenes, M., Bakkenes, M., Beaumont, L. J., Beaumont, 
L. J., Collingham, Y. C., Collingham, Y. C., Erasmus, B. F. N., Erasmus, 
B. F. N., De Siqueira, M. F., De Siqueira, M. F., Grainger, A., Grainger, 
A., Hannah, L., Hannah, L., Hughes, L., Hughes, L., Huntley, B., 
Huntley, B., Van Jaarsveld, A. S., Van Jaarsveld, A. S., Midgley, G. F., 
Midgley, G. F., Miles, L., Miles, L., Ortega-Huerta, M. a, Ortega-
Huerta, M. a, Peterson,  a T., Peterson,  a T., Phillips, O. L., Phillips, O. 
L., Williams, S. E. and Williams, S. E. (2004) ‘Extinction risk from 
climate change.’, Nature, 427, pp. 145–8. doi: 10.1038/nature02121. 
Thórhallsdóttir, T. E. (1998) ‘Flowering phenology in the central 
highland of Iceland and implications for climatic warming in the 
Arctic’, Oecologia, 114, pp. 43–49. doi: 10.1007/s004420050418. 
Tilman, D., Isbell, F. and Cowles, J. M. (2014) ‘Biodiversity and 
ecosystem functioning’, Annual Review of Ecology, Evolution, and 
Systematics, 45, pp. 471–493. doi: 10.1146/annurev-ecolsys-120213-
091917. 
Tilman, D., Knops, J., Wedin, D., Reich, P., Ritchie, M. and Siemann, E. 
(1997) ‘The influence of functional diversity and composition on 
ecosystem processes’, Science (New York, N.Y.), 277(5330), pp. 1300–
1302. doi: 10.1126/science.277.5330.1300. 
Tilman, D., May, R. M., Lehman, C. and Nowak, M. A. (1994) ‘Habitat 
destruction and the extinction debt’, Nature, 371, pp. 65–66. 
Tilman, D., Reich, P. B., Knops, J., Wedin, D., Mielke, T. and Lehman, C. 
(2001) ‘Diversity and productivity in a long-term grassland 
experiment’, Science (New York, N.Y.), 294, pp. 843–845. doi: 
10.1126/science.1060391. 
Totland, Ø. (1994) ‘Influence of climate, time of day and season, and 
flower density on insect flower visitation in alpine Norway’, Arctic 
and Alpine Research, 26, pp. 66–71. 
Vanbergen, A. J. (2013) ‘Threats to an ecosystem service: Pressures on 
pollinators’, Frontiers in Ecology and the Environment, 11, pp. 251–
259. doi: 10.1890/120126. 
Verdú, M. and Valiente-Banuet, A. (2008) ‘The nested assembly of plant 
facilitation networks prevents species extinctions’, The American 
Naturalist, 172. doi: 10.1086/593003. 
Wada, N. (1999) ‘Factors affecting the seed-setting success of Dryas 
octopetala in front of Broggerbreen (Brogger Glacier) in the high 
27
Arctic, Ny-Alesund, Svalbard’, Polar Research, 18, pp. 261–268. 
Walker, I. R. and Mathewes, R. W. (1989) ‘Chironomidae (Diptera) 
remains in superficial lake sediments from the Canadian Cordillera: 
analysis o fthe fauna across an altitudinal gradient’, Journal of 
Paleolimnology, 2, pp. 61–80. 
Wang, S. and Brose, U. (2018) ‘Biodiversity and ecosystem functioning 
in food webs: the vertical diversity hypothesis’, Ecology Letters, 21, 
pp. 9–20. doi: 10.1111/ele.12865. 
Watanabe, M. (1994) ‘Pollination worries rise as honey bees decline’, 
Science (New York, N.Y.), 265, p. 1170. doi: 
10.1126/science.265.5176.1170. 
Wheeler, H. C., Høye, T. T., Schmidt, N. M., Svenning, J.-C. and 
Forchhammer, M. C. (2015) ‘Phenological mismatch with abiotic 
conditions — implications for flowering in Arctic plants’, Ecology, 96, 
pp. 775–787. 
Winfree, R., Williams, N. M., Dushoff, J. and Kremen, C. (2014) ‘Species 
Abundance, Not Diet Breadth, Drives the Persistence of the Most 
Linked Pollinators as Plant-Pollinator Networks Disassemble’, The 
American Naturalist, 183, pp. 600–611. doi: 10.1086/675716. 
Wirta, H. K., Hepert, P., Kaartinen, R., Prosser, S., Várkonyi, G. and 
Roslin, T. (2014) ‘Complementary molecular information changes our 
perception of food web structure’, Proceedings of the National 
Academy of Sciences of the United States of America, 111, pp. 1885–
1890. 
Wirta, H. K., Várkonyi, G., Rasmussen, C., Kaartinen, R., Schmidt, N. M., 
Hebert, P. D. N., Barták, M., Blagoev, G., Disney, H., Ertl, S., Gjelstrup, 
P., Gwiazdowicz, D. J., Huldén, L., Ilmonen, J., Jakovlev, J., Jaschhof, 
M., Kahanpää, J., Kankaanpää, T., Krogh, P. H., Labbee, R., Lettner, C., 
Michelsen, V., Nielsen, S. A., Nielsen, T. R., Paasivirta, L., Pedersen, S., 
Pohjoismäki, J., Salmela, J., Vilkamaa, P., Väre, H., von Tschirnhaus, 
M. and Roslin, T. (2016) ‘Establishing a community-wide DNA barcode 
library as a new tool for arctic research’, Molecular Ecology 
Resources, 16, pp. 809–822. doi: 10.1111/1755-0998.12489. 
Wootton, J. T. (1994) ‘The Nature and Consequences of Indirect Effects 
in Ecological Communities’, Annual Review of Ecology and 
Systematics, 25, pp. 443–466. doi: 
10.1146/annurev.es.25.110194.002303. 
Zobel, M. (1997) ‘The relative role of species pools in determining plant 
species richness: An alternative explanation of species coexistence?’, 
Trends in Ecology and Evolution, 12, pp. 266–269. doi: 
10.1016/S0169-5347(97)01096-3. 
 
  
28
